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Abstract
In plants, transgenes are vulnerable to sporadic triggering of RNA silencing through the 
production of double-stranded RNA (dsRNA) by RNA-DEPENDENT RNA 
POLYMERASE 6, RDR6. RDR6 activity is recruited to transgene but not endogenous 
transcripts when silencing is initiated by an homologous inverted repeat transgene. This 
is evidenced by the production of small-interfering RNAs (siRNAs) with homology to 
regions outside of the initiating dsRNA trigger, in a process termed transitivity. 
Transitivity involves a reiterative amplification of the silencing signal which facilitates 
the systemic spread of transgene silencing. To better understand the vulnerability of 
transgenes to silencing, a number of reporter systems were developed in Arabidopsis 
thaliana (Arabidopsis) to study the apparent protection of endogenous transcripts from 
RDR6 activity. CHALCONE SYNTHASE (CHS), an enzyme involved in flavonoid 
biosynthesis, was selected as an endogenous target of silencing due to the readily 
observable and non-lethal loss of pigmentation in the seed coat upon silencing. The 
pap1-D line has upregulated expression of many genes in the flavonoid pathway, 
including CHS. This background was used to allow the assessment of CHS expression 
in tissues additional to the seed coat and to more closely reflect the high levels of 
expression typically desired from a transgene. A mutagenesis screen was performed on 
plants harbouring a fluorescence reporter system to detect transitivity of RNA silencing 
directed to CHS, also in the pap1-D background. This approach identified six mutant 
plant lines that display enhanced silencing. Mapping by bulked segregant 
deep-sequencing analysis identified the putative mutant alleles associated with the 
expression of these phenotypes. The identified genes have been previously reported to 
xiv
have roles in transcriptional termination and include Arabidopsis homologues of human 
Pcf11 (PCFS4), CstF64 (CstF64) and CPSF73 (CPSF73-I). DCL4 was also identified in
the mutant screen, expanding on its recently described co-transcriptional role. PCFS4 
and DCL4 were subsequently independently shown to be required to achieve stable, 
high levels of anthocyanin accumulation in the pap1-D background. The identified 
members of transcriptional termination complexes, PCFS4, CstF64 and CPSF73-I, 
together with DCL4 are thought to promote Pol II dissociation and prevent read-through
transcription from the CHS locus. This read-through transcription is thought to expose 
the endogenous CHS transcript to RDR6 activity thereby mimicking RNA silencing of 
transgenes.
xv
xvi
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1
Introduction
1.1. Regulation of gene expression
The developmental complexity of higher eukaryotes would not be possible without 
diversity and flexibility of gene expression (Levine and Tjian, 2003). Tight genome 
packaging presents the first regulatory gate, with chromatin structure and nucleosome 
positioning affecting access to DNA by proteins required for gene expression (Bell et 
al., 2011). Nucleosome repositioning allows an overwhelming diversity of transcription 
factors to be recruited to DNA sequence motifs to either positively or negatively 
regulate transcription (Spitz and Furlong, 2012). 
Eukaryotic nuclear RNA polymerase II (Pol II) is responsible for the transcription of 
almost all protein-coding and some non-protein-coding RNAs. Furthermore, Pol II 
recruits and guides the coupled processes of capping, splicing, termination, cleavage 
and polyadenylation through protein-protein interactions with, and modifications to, the 
C-terminal domain (CTD) of its largest subunit (Hsin and Manley, 2012; Kuehner et al.,
2011; Zhou et al., 2012).  These co-transcriptional processes and post-transcriptional 
modifications regulate and direct mRNA export to the cytoplasm (Köhler and Hurt, 
2007; Meier, 2011), transcript stability (Gutiérrez et al., 1999; Jiao et al., 2008), and 
translational control (Kuersten and Goodwin, 2003). An additional layer of 
developmental complexity is obtained by alternate splicing (Filichkin et al., 2010) 
and/or alternate polyadenylation of most nuclear-encoded transcripts (Wu et al., 2011).
Following nuclear export, translation initiation and extension is regulated by a variety of
factors that associate with the mRNA cap or tail, influencing circularisation and 
recruitment of ribosomal complexes (Jackson et al., 2010; Kawaguchi and 
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Bailey-Serres, 2002). Complex post-translational modifications then regulate protein 
function and turnover (Altelaar et al., 2013). 
Expanding on the foundations of gene expression described above, a network of 
sequence specific regulation facilitated by non-protein coding RNA species provides a 
rich layer of complexity to genome regulation. The diverse set of processes and 
outcomes of this mechanism are globally termed RNA silencing.
1.2. RNA silencing
RNA silencing is a term used to describe the various mechanisms in which the RNA 
products of transcription feed back into transcription regulation, mRNA transcript 
stability and protein translation. Typically small regulatory RNA molecules, termed 
small RNAs (sRNAs) provide sequence specificity to guide protein complexes that 
mediate transcriptional regulation through DNA methylation (Cedar and Bergman, 
2012) and/or modification of histones (Campos and Reinberg, 2009), 
post-transcriptional regulation via mRNA cleavage and subseqent degradation (Carthew
and Sontheimer, 2009) or translational inhibition (Brodersen et al., 2008).
1.2.1. RNA silencing mechanisms
Double-stranded RNA (dsRNA) triggers of RNA silencing are processed in a number of
parallel sRNA biogenesis pathways (depending on triggering dsRNA structural 
properties) by host-encoded DICER endonucleases (Bernstein et al., 2001; Fire et al., 
1998).  One strand of the DICER generated sRNA duplex is loaded into a member of 
the ARGONAUTE (AGO) protein family (Hammond et al., 2000). ARGONAUTE 
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proteins form the catalytic core of an RNA-induced silencing complex (RISC) that uses 
the loaded sRNA as a guide to direct sequence specific RNA silencing of 
complementary nucleic acids at either the transcriptional or post-transcriptional level 
(Hammond et al., 2000; Martinez et al., 2002).
1.2.1.1. Double-stranded RNA trigger
Research into RNA silencing expanded greatly following the description of its 
triggering by exogenous dsRNAs in Caenorhabditis elegans (Fire et al., 1998), various 
plant species (Waterhouse et al., 1998) and Trypanosoma brucei (Ngô et al., 1998). The 
dsRNAs used in these initial experiments were synthesised in vitro in the case of  C. 
elegans (Fire et al., 1998) and through the introduction of transgenes designed to create 
RNA duplexes in plants (Waterhouse et al., 1998) and T. brucei (Ngô et al., 1998). The 
functional characterisation of an RNA DIRECTED RNA POLYMERASE (RDR) in 
Neurospora crassa also demonstrated a role for dsRNA in RNA silencing in fungi 
(Cogoni and Macino, 1999).
In plants, dsRNA forms by; pairing of complementary sense/anti-sense RNAs 
(Waterhouse et al., 1998), self-complementary fold-back of RNA transcripts (Reinhart 
et al., 2002; Waterhouse et al., 1998) or by the activity of viral or plant encoded RDRs 
(Schiebel et al., 1993a, 1993b).
1.2.1.2. DICER-LIKE enzymes
Processing of dsRNA substrates into sRNA duplexes was originally demonstrated to be 
performed by Dicer (DCR), a member of the ribonuclease III (RNase III) family of 
nucleases in Drosophila melanogaster (Bernstein et al., 2001). Subsequently, DCR 
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homologues including DICER-LIKE (DCL) proteins in plants were shown to process 
dsRNA into sRNAs in other species (Hamilton and Baulcombe, 1999; Hammond et al., 
2000; Zamore et al., 2000). From the crystal structure of Giardia intestinalis DCR 
(Macrae et al., 2006) it was shown that cleaved duplex size is determined by the 
distance between the PIWI-ARGONAUTE-ZWILLE (PAZ) domain (Cerutti et al., 
2000), a motif that binds 3' two-base overhangs of dsRNA (Ma et al., 2004), and the 
dual RNase III domains (Zhang et al., 2004).
In plants, sRNA duplexes produced by DCL cleavage are methylated on the 2' OH of 
the 3' terminal nucleotides by HUA ENHANCER1 (HEN1) (Li et al., 2005; Park et al., 
2002; Yu et al., 2005). This protects cleaved ends of sRNA duplex strands from 
uridylation that otherwise activates exoribonuclease mediated RNA-turnover (Li et al., 
2005; Yang et al., 2006; Yu et al., 2005).
1.2.1.3. ARGONAUTE effector proteins
The AGO protein family owes its name to Arabidopsis thaliana (Arabidopsis) mutants 
of ARGONAUTE1 (AGO1; termed ago1 plants) which display a disrupted 
developmental phenotype that morphologically resembles the structure of a squid 
(Bohmert et al., 1998). AGO family members were identified in screens of Arabidopsis 
(Fagard et al., 2000), C. elegans (Tabara et al., 1999) and N. crassa (Catalanotto et al., 
2000; Cogoni and Macino, 1997) for RNA silencing defective mutants, and in 
sequencing of protein purifications of the Drosophila RISC complex (Hammond et al., 
2001).
Members of the AGO family are characterised by the presence of a PAZ domain (also 
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found in DCL proteins) (Cerutti et al., 2000), a MID (middle) domain (Song et al., 
2004) and a PIWI (named for the protein, piwi) domain (Cerutti et al., 2000; Cox et al., 
1998). As in DCL proteins, the PAZ domain binds the 3' end of single stranded sRNAs 
(Ma et al., 2004), while a metal-binding site at the junction of the MID and PIWI 
domains binds the sRNA 5' phosphate (Ma et al., 2005; Parker et al., 2005). The PIWI 
domain forms an RNase H fold (Song et al., 2004) including the DDH (Asp-Asp-His) 
motif that confers endonuclease activity of cleavage-competent AGOs (Rivas et al., 
2005).
Despite widespread RNA directed translational control in animal systems, translational 
repression by AGO-catalysed RISC (AGO1 and AGO10) in plants is complementary to 
transcript degradation and appears to play a less significant role (Beauclair et al., 2010; 
Brodersen et al., 2008; Yang et al., 2012). Many micro-RNAs (miRNAs), an 
endogneous sRNA species of plants and animals, have however been identified to direct
changes in protein abundance without similar changes in transcript abundance in plants 
(Aukerman and Sakai, 2003; Chen, 2004; Gandikota et al., 2007).
1.2.2. Endogenous pathways
1.2.2.1. Repeat associated siRNAs
The majority of plant sRNAs are 24 nucleotides (nt) in length and are responsible for 
RNA directed DNA methylation (RdDM) and associated transcriptional gene silencing 
(TGS) of repetitive elements, including transposons (Hamilton et al., 2002; Xie et al., 
2004; Zhang et al., 2007). These repeat associated small interfering RNAs (rasiRNAs) 
are produced in a pathway initiated by RNA Polymerase IV (Pol IV) transcription (Herr 
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et al., 2005; Kanno et al., 2005; Onodera et al., 2005; Zhang et al., 2007).
In plants, duplication and divergence of the largest subunit of Pol II has resulted in two 
additional, plant specific RNA polymerases, Pol IV and Pol V (originally Pol IVa and 
Pol IVb, respectively) and each has a specialised role in RNA silencing (Ream et al., 
2009). Transcription products of Pol IV activity are thought to act as RNA templates for
RDR2 which synthesises the dsRNA for processing by DCL3 into 24-nt small 
interfering RNA (siRNA) duplexes (Xie et al., 2004). These siRNA duplexes are 
exported to the cytoplasm where the duplex guide strands are loaded into 
AGO4-catalysed RISC, exposing a proposed nuclear localisation signal to direct the 
import of RISC into the nucleus (Ye et al., 2012b). Intergenic transcription by Pol II 
and/or Pol V recruits the 24-nt siRNA loaded AGO4 or, particularly in regions of rapid 
cell division, AGO6 by base pairing between the siRNA and the scaffold transcript (Eun
et al., 2011; Wierzbicki et al., 2008, 2009; Zheng et al., 2009, 2007; Zilberman et al., 
2003, 2004). 
RdDM also involves a host of factors required to recruit both the  de novo and 
maintenance DNA methylation protein machinery, including DOMAINS 
RE-ARRANGED METHYLTRANSFERASE2 (DRM2), DNA 
METHYL-TRANSFERASE1 (MET1) and CHROMOMETHYLTRANSFERASE3 
(CMT3) (Aufsatz et al., 2004; Bartee et al., 2001; Cao and Jacobsen, 2002; Cao et al., 
2003; Finnegan et al., 1996).
1.2.2.2. Micro-RNAs
miRNAs were first described as sRNA regulators of protein abundance derived from 
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longer non-protein-coding RNA precursors predicted to form stem-loop structures in C. 
elegans (Lee et al., 1993). Subsequently, miRNAs were reported across the eukaryotic 
kingdom (Lagos-Quintana et al., 2001; Lee et al., 2010; Reinhart et al., 2002).
In plants, primary-miRNA (pri-miRNA) transcripts are products of Pol II transcription 
that form imperfectly complementary fold-back structures (Xie et al., 2005a). The 
pri-miRNA dsRNA precursor is processed in the nucleus by DICER-LIKE1 (DCL1), 
with the assistance of DOUBLE-STRANDED RNA BINDING1 (DRB1) (also known 
as HYPONASTIC LEAVES1, HYL1), into a single ~21-nt duplex (Han et al., 2004; 
Jacobsen et al., 1999; Park et al., 2002; Vazquez et al., 2004a). Most pri-miRNA 
transcripts are first cleaved at the base of the hairpin region to yield a precursor-miRNA
(pre-miRNA) intermediate hairpin structure which is again cleaved from the 
pre-miRNA loop region by the DCL1/DRB1 functional partnership to release the 
miRNA/miRNA* duplex (Kurihara and Watanabe, 2004). Some however, such as the 
highly abundant miR159, are generated through cleavage at the stem-loop end of the 
precursor first. The base of the hairpin is then successively cleaved to release the 
duplex, an artifact of which is the low level accumulation of siRNAs from the stem 
(Bologna et al., 2009).
Most plant miRNA duplexes are then exported by HASTY (HST; an Exportin-5 
homologue) to the cytoplasm, where one strand of the miRNA duplex is preferentially 
selected by DRB1 for guide strand loading into AGO1-catalysed RISC (Baumberger 
and Baulcombe, 2005; Bollman et al., 2003; Eamens et al., 2009; Parker et al., 2005; Qi 
et al., 2005; Telfer and Poethig, 1998). The miRNA guide is then used by RISC to 
identify and cleave highly complementary target transcripts via AGO1-directed slicer 
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activity (Baumberger and Baulcombe, 2005; Qi et al., 2005).
The importance of miRNA-directed regulation of target transcript expression is 
evidenced by the developmental phenotypes displayed by many of the plant lines 
harbouring loss-of-function mutations in miRNA biogenesis and miRNA-mediated 
RNA silencing effector proteins. For instance, dcl1 null alleles were initially isolated 
and described for their arrested development at the embryo stage (Castle et al., 1993; 
Errampalli et al., 1991) and ago1 mutants display a squid-like phenotype indicative of 
disrupted development (Bohmert et al., 1998).
1.2.2.3. Trans-acting siRNAs
A role for RNA silencing in juvenile-to-adult vegetative phase change was originally 
identified via the molecular characterisation of a mutant with precocious transition, 
zippy (zip), an AGO7 loss-of-function mutant (Hunter et al., 2003). A subsequent screen
for additional mutants in this pathway identified plants with rdr6 and suppressor of 
gene silencing3 (sgs3) mutations that disrupted the production of trans-acting small 
interfering RNAs (tasiRNAs) from regions of some endogenous transcripts (Mourrain et
al., 2000; Peragine, 2004). The production of tasiRNAs was also shown to depend on 
members of the miRNA mediated silencing pathway, including DCL1,  DRB1 and  
AGO1, while AGO7 was seen to be dispensable for the production of tasiRNAs from 
many transcripts (Peragine, 2004; Vazquez et al., 2004b). 
The key to understanding tasiRNA biogenesis was the identification of the phased 
register for tasiRNA production, set by miRNA-directed cleavage (Allen et al., 2005). 
Following miRNA-directed cleavage, either 5' or 3' cleavage products are used as a 
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template by RDR6 for synthesis of dsRNA that is subsequently diced into tasiRNAs by 
DCL4 (Xie et al., 2005b; Yoshikawa et al., 2005). Cleaved transcripts are thought to be 
bound by the RNA binding protein SGS3 and recruited to the site of RDR6 activity in 
cytoplasmic SGS3/RDR6 granules (Elmayan et al., 2009; Kumakura et al., 2009; 
Mourrain et al., 2000).
Only a specific subset of miRNA-directed cleavage products are processed into 
tasiRNAs. Despite being loaded into AGO1, 21- or 22-nt miRNAs derived from 
precursors that have an asymmetric single-nucleotide bulge in the miRNA/miRNA* 
duplex trigger tasiRNA production from the miRNA-directed cut site to the 3' end of 
complementary target transcripts (Allen et al., 2005; Chen et al., 2010; Cuperus et al., 
2010; Manavella et al., 2012).  Transcripts with dual miR390 target sites for binding and
cleavage yield tasiRNAs from the intervening region in a pathway dependent on 
miR390-loaded AGO7 binding to the 5', non-cleaved miR390 target site (Axtell et al., 
2006; Jouannet et al., 2012; Montgomery et al., 2008a, 2008b).
1.2.2.4. Natural antisense transcript siRNAs
Pairing of sense and antisense transcripts provides a dsRNA trigger for natural antisense
transcript derived short interfering RNA production (natsiRNAs), either from a single 
genomic region by overlapping transcription (cis-natsiRNAs) or from complementary 
regions at different genomic locations (trans-natsiRNAs) (Borsani et al., 2005; Zhang et
al., 2012b). The accumulation of natsiRNAs is typically limited to low levels and occurs
only under environmental stresses or in particular developmental stages (Borsani et al., 
2005; Ron et al., 2010; Zhang et al., 2012b). The diversity of dsRNAs produced by 
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these mechanisms results in processing by many different pathways, with evidence for  
DCL1, DCL2 and DCL3 activity resulting in 21-, 22- and 24-nt natsiRNAs (Borsani et 
al., 2005; Zhang et al., 2012b).
1.2.2.5. Inverted repeats (endogenous and exogenous)
Transcribed inverted repeats fold into hairpin-RNAs (hpRNAs) providing a source of 
dsRNA to trigger RNA silencing of complementary sequences, a property frequently 
exploited in transgene constructs designed to trigger RNA silencing (Bender and Fink, 
1995; Luff et al., 1999; Smith et al., 2000; Waterhouse et al., 1998; Wesley et al., 2001).
These hpRNAs, both endogenous and transgene derived, are processed mostly by DCL4
into 21-nt siRNAs but some processing by DCL2 and DCL3 occurs into 22-nt and 24-nt
siRNAs respectively. Accumulation of the various hpRNA-derived siRNA size classes 
results in RNA silencing of the target gene at both the transcriptional and 
post-transcriptional levels (Dunoyer et al., 2005; Fusaro et al., 2006; Henderson et al., 
2006).
1.2.3. Virus induced gene silencing
1.2.3.1. History and background
Investigation of recovery from virus infection as early as 1928 (Wingard, 1928) 
describes observations that contribute to an understanding of RNA silencing. In this 
early work, tobacco plants inoculated with Ring Spot Virus (RSV) initially displayed 
obvious symptoms on both inoculated leaves and developing leaf tissues. However, 
tissues that developed more than two weeks after inoculation were free of viral 
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symptoms and exhibited immunity to reinfection. An extension of this phenomenon is 
cross protection, where prior infection with a virus confers resistance to a second related
virus. Cross protection was first described in tobacco plants where infection with Light 
Green Mosaic Virus (LGMV) strains resulted in resistance to the more destructive 
Yellow Mosaic Virus (YMV) (McKinney, 1929).
These early findings led to the hypothesis that a factor involved in replication of one 
virus may interfere with replication of other viruses, a theory that was difficult to test 
without strategies to generate recombinant viruses. Such experiments were pursued 
when techniques became available, and transgenic expression of coat protein genes 
from Tobacco Mosaic Virus (TMV) was demonstrated to confer resistance to TMV and 
related viruses (Abel et al., 1986).
A parallel step towards understanding the mechanism behind this resistance was the 
isolation and characterisation of an RDR that is present and expressed at low levels in 
uninfected plants but is highly expressed during virus infection (Astier-Manifacier and 
Cornuet, 1971; Fraenkel-Conrat, 1983). Despite knowledge of this RDR, dsRNAs had 
been suggested to be produced solely by convergent transcription, a hypothesis 
excluded by the demonstration of their accumulation in the presence of a suppressor of 
DNA dependent RNA polymerase activity (Ikegami and Fraenkel-Conrat, 1979). The 
activity of an endogenously encoded RDR was later confirmed in vitro with primed or 
unprimed extension of perfectly complementary dsRNA from the full length of a 
supplied RNA oligonucleotide (Schiebel et al., 1993a, 1993b).
RDR activity had been suggested to play a role in viral replication, though enhanced 
RDR levels were not required for efficient virus replication, nor was the RDR found in 
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purifications of the viral replication complex (Van Der Meer et al., 1984). The 
observation that transgene mediated virus resistance is correlated with a loss of 
transgene mRNA accumulation, despite sustained transcription of the transgene, 
identified a role for the RDR in RNA directed inactivation by homology dependent 
interactions (Lindbo et al., 1993).
An RDR was first cloned from tomato (LeRDR1) facilitating the identification of 
homologues in Arabidopsis and other plant species (Schiebel et al., 1998). Arabidopsis 
rdr6 (sgs2, sde1) mutants were isolated in genetic screens for a loss of sense transgene 
mediated post-transcriptional gene silencing (PTGS) (Dalmay et al., 2000; Elmayan et 
al., 1998). These mutants were also shown to display enhanced susceptibility to virus 
infection (Dalmay et al., 2000; Elmayan et al., 1998; Mourrain et al., 2000). Of the six 
Arabidopsis RDRs, three (RDR1, RDR2 and RDR6) possess the RNA-dependent RNA 
polymerase catalytic domain conserved across eukaryotes and now have established 
roles in RNA silencing (Willmann et al., 2011). The remaining three, RDR3a, RDR3b 
and RDR3c, also known as RDR3, RDR4 and RDR5 respectively, lack this catalytic 
domain and, despite being conserved across the plant kingdom, have no assigned 
function (Willmann et al., 2011)
1.2.3.2. Current understanding
Plant viruses or their replicative intermediates provide dsRNA triggers of RNA 
silencing from predominantly single stranded RNA genomes in the formation of 
secondary structures, or alternatively by read-through transcription from viruses with 
circular single stranded DNA genomes (Aregger et al., 2012; Donaire et al., 2009; 
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Molnár et al., 2005). However, these triggering dsRNAs are not always present in high 
abundance, requiring secondary rounds of trigger amplification mediated by 
plant-encoded RDR (RDR1 and/or RDR6) activity on the cleaved viral transcripts to 
mount a strong, systemic defense against virus infection (Dalmay et al., 2000; 
Garcia-Ruiz et al., 2010; Mourrain et al., 2000; Wang et al., 2010; Xie et al., 2001; Yu et
al., 2003).
Virus derived dsRNAs are processed by DCL2 and DCL4 into 22- and 21-nt siRNA 
duplexes respectively (Bouché et al., 2006; Deleris et al., 2006; Fusaro et al., 2006; Xie 
et al., 2004). The duplexes are loaded into AGO1 to mediate degradation of viral 
transcripts and, where AGO1 activity is suppressed, into AGO2 to similarly suppress 
viral replication (Harvey et al., 2011; Morel et al., 2002; Wang et al., 2011). 
The efficiency of RNA silencing in controlling virus replication has driven the evolution
of diverse mechanisms to suppress or avoid the RNA silencing pathways in plants 
(Burgyán and Havelda, 2011). Typically, viral suppressor of RNA silencing (VSR) 
proteins, such as the helper-component protease (HcPro) of Potato Virus Y (PVY) or the 
2b protein of Cucumber Mosaic Virus (CMV) interfere with RNA silencing at various 
stages, including dsRNA processing, RISC assembly or RDR activity (Anandalakshmi 
et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998).
1.2.4. Transgene silencing
1.2.4.1. History and background
A high degree of variability (greater than 100-fold) is seen between independent 
transgenic lines in the expression of the same construct (Holtorf et al., 1995; Jones et 
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al., 1985; Peach and Velten, 1991). This variability is mostly attributed to frequent entry
of transgene-derived transcripts into the RNA silencing pathways as a result of 
unusually high rates of transgene transcription (Elmayan and Vaucheret, 1996; Que et 
al., 1997; Schubert et al., 2004; Smith et al., 1994; Vaucheret et al., 1997). However, 
similar rates of transcription can yield both silenced and unsilenced lines, suggesting 
other qualities contribute to the observed instability (English et al., 1996; Mueller et al., 
1995).
The first clear evidence for transgene silencing came from repeated transformations of 
tobacco. Stably expressed primary transgenes were subject to transcriptional gene 
silencing (TGS) following the introduction of a second vector, harbouring transgenes 
with different coding sequences driven by the same promoters (Matzke et al., 1989). 
This silencing was associated with methylation of the promoter regions of these genes 
and both RNA silencing and DNA methylation were lost when the second locus 
segregated away (Matzke et al., 1989).
Similar PTGS was observed in petunia plants expressing a CHALCONE SYNTHASE 
(CHS) transgene that triggered silencing of a homologous endogenous coding sequence 
(Napoli et al., 1990). In a large proportion of petunia transformants (42%), either 
complete loss of anthocyanin accumulation or sectors of silenced and expressing tissues 
were observed. The loss of anthocyanin accumulation was shown to be due to an 
increase in CHS mRNA turnover, associated with the presence of antisense RNA, rather
than changes in rates of transcription (Van Blokland et al., 1994; Napoli et al., 1990).
A connection between TGS and PTGS became apparent with the observation that the 
RNA dependent silencing of replicating Potato Spindle Tuber Viroid (PSTV) triggers 
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methylation of a PSTV transgene locus (Wassenegger et al., 1994). This same silencing 
mechanism associated with RdDM was later reported for silencing of reporter 
transgenes (Ingelbrecht et al., 1994) and transgenes with homology to a replicating virus
(Jones et al., 1998).
1.2.4.2. Current understanding
The TGS observed with Cauliflower Mosaic Virus (CaMV) 35S promoter sequences 
commonly used in transgene constructs is thought to be triggered by complex T-DNA 
insertions and/or self-complementarity in a T-DNA. Although the exact trigger is 
unknown, TGS is indeed associated with siRNA species derived from DCL2, DCL3 or 
DCL4 activity in a manner dependent on AGO4 and other RdDM machinery (Mlotshwa
et al., 2010). 
In transgene PTGS, some unknown feature of transgene transcripts recruits the activity 
of RDR6 to produce the triggering dsRNA and to perform subsequent rounds of 
amplification of the silencing signal (Dalmay et al., 2000; Mourrain et al., 2000). The 
relevant features also likely recruit transgene transcripts to the diverse RNA quality 
control pathways for degradation, as mutants in these pathways display enhanced 
transgene silencing (Moreno et al., 2013). 
The dsRNA trigger of transgene PTGS is primarily processed by DCL4 into 21-nt 
siRNAs which are loaded into AGO1-catalysed RISC to mediate degradation of target 
transcripts (Dunoyer et al., 2005; Fagard et al., 2000). However, transgene PTGS is 
impaired in dcl2 mutants and enhanced in dcl4 mutants in a manner associated with the 
production of transitive siRNAs (discussed in detail in section 1.2.5), suggesting an 
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important role for DCL2 in both transgene silencing and transitivity (Mlotshwa et al., 
2008).
Avoiding the effects of transgene silencing may simply require the inclusion of critical 
regulatory elements from endogenous sequences. Indeed, a recently published study that
reconstructed the Nicotiana tabacum RIBULOSE BISPHOSPHATE CARBOXYLASE 
SMALL CHAIN SUBUNIT (RBCS) gene, replacing only the exons with the desired 
coding sequence, demonstrated improved stability in expression of the reconstructed 
gene as compared to a conventional transgene (Dadami et al., 2013). This enhanced 
stability in transient expression by infiltration of Nicotiana benthamiana leaves was 
further associated with delayed triggering of siRNA production, suggesting some 
inhibition of the silencing response (Dadami et al., 2013).
1.2.4.2.1. Uncapped transcripts and 5' to 3' exonucleolytic turnover
Mutants deficient in a cytoplasmic exoribonuclease (XRN4) display enhanced 
triggering of transgene PTGS, suggesting competition between RDR6 activity and 
mRNA turnover (Gazzani et al., 2004). xrn4 mutants accumulate the 3' products of 
miRNA-directed cleavage, reflecting the role of XRN4 in turnover of cleaved 
transcripts (Souret et al., 2004). Additionally, double mutants of rdr6 and xrn4 
accumulate uncapped transgene transcripts, suggesting a role for XRN4 in turnover of 
transgene RNAs that otherwise enter RNA silencing pathways via RDR6 activity 
(Gazzani et al., 2004; Souret et al., 2004). 
Uncapped endogenous protein-coding transcripts also accumulate in xrn4 mutants, 
along with siRNAs corresponding to these sequences (Gregory et al., 2008). Both 
uncapped transcripts and their corresponding siRNAs accumulate to a much higher level
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in double mutants with xrn4 and aba hypersensitive1 (abh1) / cap binding protein 80 
(cbp80), a member of the cap-binding complex (Gregory et al., 2008). These results 
results indicate that XRN4 is additionally involved in the turnover of uncapped 
endogenous transcripts and likely similarly prevents their entry via RDR6 activity into 
RNA silencing pathways.
XRN2 and XRN3 are nuclear localised exoribonucleases (XRNs) that process the loop 
regions of miRNA precursor transcripts and have also been demonstrated to be involved
in ribosomal RNA preparation (Gy et al., 2007; Zakrzewska-Placzek et al., 2010). 
Mutants in these enzymes display enhanced transgene PTGS, though to a lesser extent 
than xrn4 mutants (Gy et al., 2007). An inhibitor of all three exoribonucleases, 
3′-polyadenosine 5′-phosphate (PAP), is normally processed by the FRY1 enzyme and 
fry1 mutants display enhanced transgene PTGS (Dichtl et al., 1997; Gy et al., 2007). An
enhanced resistance to virus infection in xrn4 and fry1 mutants also supports a role for 
the exoribonucleases in suppression of PTGS (Gy et al., 2007).
1.2.4.2.2. Transcriptional termination and mRNA 3' end formation
The importance of termination of transcription and mRNA 3' end formation to transcript
entry into PTGS pathways is supported by evidence that transgenes lacking proper 
termination signals produce read-through transcripts and trigger sense transgene PTGS 
(Luo and Chen, 2007; Nicholson and Srivastava, 2009). Additionally, transient 
infiltrations of constructs with two consecutive termination signals produce more 
reporter protein (YELLOW FLUORESCENCE PROTEIN, YFP) than single terminator 
controls (Beyene et al., 2010). 
A mutant screen to identify factors that limit silencing of endogenous 
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PHYTOENE-DESATURASE (PDS) mediated by a viral vector, identified the enhanced 
silencing phenotype (esp) mutants (Herr et al., 2006). These mutants harbour genetic 
lesions in factors required for RNA splicing (esp3) and mRNA 3' end formation (esp1, 
esp4 and esp5) (Herr et al., 2006). The enhanced silencing in lines deficient in mRNA 
3' end formation is dependent on enhanced RDR6 mediated production of siRNAs from 
the 3' PDS  homologous region of the recombinant viral genome. In the absence of 
RDR6, antisense RNAs accumulate from the 3' region of this viral genome (Herr et al., 
2006). One explanation for this is the activity of an RDR other than RDR6 on the viral 
transcripts. Alternatively, transcription from both strands of the T-DNA insertion that 
encodes the viral genome may produce the dsRNA trigger as is seen in natsiRNA 
formation (Herr et al., 2006).
Mutants in a gene involved in TGS, MORPHEUS' MOLECULE1 (MOM1) also produce
read-through transcripts from genes with aberrant 3' UTRs (Amedeo et al., 2000; Zhou 
et al., 2010). In the mom1 mutant a luciferase (Luc) transgene lacking a 3' UTR 
produces a transcript that extends right through to the hygromycin resistance gene 
terminator of the next open reading frame, generating a functional Luc reporter protein 
not seen in the wild-type (WT) background (Zhou et al., 2010). Similar read-through 
transcription into adjacent terminators is detected in mom1 mutants from endogenous 
transcripts that are  transcriptionally repressed in WT plants (Vaillant et al., 2006; Zhou 
et al., 2010).
1.2.4.2.3. Splicing
The presence of introns in transgenes is reported to reduce the frequency of transgene 
silencing and to reduce the RDR6 dependent amplification of the silencing signal 
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(Christie et al., 2011; Vermeersch et al., 2010). The reported effect on transgene PTGS 
is dependent on ABH1/CBP80 and SERRATE (SE), proteins with many established 
roles including capping, splicing and miRNA precursor transcript processing (Christie 
and Carroll, 2011; Christie et al., 2011; Laubinger et al., 2008). The isolation of an 
Arabidopsis homologue of yeast PRP2 splicing cofactor (ESP3) in the previously 
described enhanced silencing phenotype screen further suggests the importance of 
splicing to the inhibition of PTGS (Herr et al., 2006). 
1.2.5. Transitivity
1.2.5.1. History and background
The presence of antisense siRNAs specific to silenced transcripts upstream (5') of 
homology to an introduced dsRNA was first described in C. elegans where the process, 
termed transitive RNA interference was shown to depend on an RDR (Pak and Fire, 
2007; Sijen et al., 2001). RDR6 dependent transitivity was soon demonstrated in VIGS 
of a GREEN FLUORESCENT PROTEIN (GFP) transgene in Nicotiana benthamiana, 
but interestingly not in a similar silencing approach targeting two endogenes, PDS and a
Rubisco subunit (Vaistij et al., 2002). The predominantly 5' to 3' nature of this spread on
transgenes was supported by further experiments with silencing of 
BETA-GLUCURONIDASE (GUS) transgenes (Braunstein et al., 2002). Furthermore, 
two additional endogenes were targeted with no detectable transitive siRNA production 
(Petersen and Albrechtsen, 2005).
Transitivity is reported in silencing members of the BETA-1,3-GLUCANASE gene 
family (Sanders et al., 2002). In this system, transgene silencing is activated in 
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homozygous but not hemizygous cells, triggering silencing of a partially homologous 
endogene. Small-interfering RNAs were detected from regions of the endogene that lack
homology to the transgene and the cells showed some resistance to a recombinant virus 
harbouring these sequences. These endogenous sequences were all 5' of regions 
homologous to the inducing transgene. A later study in rice however, observed no 
transitive silencing among gene family members suggesting that this may not be a 
common event (Miki et al., 2005).
Cloned sequences from CATALASE2 (CAT2) were reported to support transitivity while 
endogenous CAT2 transcripts did not, suggesting a lack of sequence specificity to the 
apparent protection of endogenes (Bleys et al., 2006a). However, overexpression of a 
genomic DNA clone of the endogenous VIRP1 sequence that includes partial 5' and 3' 
UTRs did not support transitivity or systemic spread of silencing, despite expression in 
a typical 35S promoter/OCTOPINE SYNTHASE (OCS) terminator expression cassette 
(Kościańska et al., 2005; Martínez de Alba et al., 2003). These results suggest that 
sequence context is important, a finding supported by enhanced stability of transient 
expression with transgenes framed in endogenous regulatory elements (Dadami et al., 
2013).
1.2.5.2. Current understanding
Vulnerability of transgenes to transitivity is likely shared with their entry into transgene 
RNA silencing pathways, as both transitivity and transgene PTGS require intitiating 
RDR6 activity (Dalmay et al., 2000; Mourrain et al., 2000; Vaistij et al., 2002).
Transitive spread of siRNA production in the 3' to 5' direction that occurs following 
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miRNA-directed cleavage of a transgene 3'UTR has been shown to rely on RDR6 
activity on 5' cleavage products (Moissiard et al., 2007). It has been suggested that 
endogenous coding genes may be particularly well protected from this RDR6 activity by
ribosome progression during translation due to the potential for more efficient 
processing of these co-evolved and frequently less abundant transcripts (Aregger et al., 
2012). However, it has also been more recently demonstrated that the exosome, which 
performs 3' to 5' exonucleolytic degradation, contributes to the inhibition of transgene 
PTGS (Moreno et al., 2013).
PTGS mediated RNA degradation is thought to only occur in the cytoplasm where it is 
in competition with the exosome and cytoplasmic XRN4. This is supported by evidence 
that inverted repeats positioned within introns, that would be expected to be retained in 
the nucleus, direct DNA methylation but not transcript degradation (Chen et al., 2011; 
Dalakouras et al., 2009). However, RDR6 and DCL4 also occur in the nucleus and it has
been reported that primary hpRNA derived siRNAs as well as transitively produced 
secondary siRNAs accumulate from a targeted endogenous transcript in the nucleus 
(Hoffer et al., 2011; Luo and Chen, 2007).
1.2.6. Systemic spread
1.2.6.1. History and background
The spread of chlorosis from initially isolated spots on lower leaves of tobacco plants 
expressing NITRATE REDUCTASE (NIA) and NITRITE REDUCTASE (NII) transgenes 
prompted initial investigations into the systemic nature of RNA silencing (Palauqui et 
al., 1996). Graft transmissibile silencing of GUS and NIA transgenes was shown to 
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require transcription of a homologous transgene in the recipient scion tissues (Palauqui 
et al., 1997). It was later reported that in the same system, non-transgenic upregulation 
of NIA gene transcription was sufficient to support some systemic silencing of the 
endogenous target (Palauqui and Vaucheret, 1998). However, the chlorotic phenotype of
the metabolically de-repressed tobacco lines used in these experiments prevented an 
assessment of the localisation of this silencing and it may have been limited to cells 
surrounding the vasculature as has since been reported in other systems (Kasai et al., 
2011; Voinnet et al., 2000).
Agrobacterium tumefaciens (Agrobacterium)-mediated transient expression of a GFP 
transgene in a stably transformed N. benthamiana line expressing GFP was also shown 
to trigger a systemic PTGS response (Voinnet and Baulcombe, 1997; Voinnet et al., 
1998). This system led to the observation of a short-range RNA silencing signal that 
travels ~10-15 cells (Himber et al., 2003). This signal propagates through transitivity 
dependent amplification and is also suggested to move along the vasculature, ultimately 
producing the systemic silencing phenotype (Himber et al., 2003). VIGS with a phloem 
restricted virus further demonstrated systemic silencing of a GFP transgene, while only 
the short-range silencing signal was produced in similar silencing of an endogenous 
RBCS target mRNA (Himber et al., 2003). Phloem restricted Arabidopsis SUCROSE 
SYMPORTER2 (SUC2) promoter driven expression of a hpRNA specific to a stably 
expressed GFP transgene in WT and rdr6 mutant backgrounds further demonstrated a 
dependence on RDR6 for systemic, but not local silencing spread (Himber et al., 2003). 
A strong silencing signal generated by a recombinant replicating virus (Potato Virus X, 
PVX) in N. benthamiana was able to initiate graft transmissible silencing of endogenous
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RBCS and PDS, although this silencing was restricted to the cells surrounding the 
vasculature on leaves emerging 10–16 days post infiltration (dpi) (Voinnet et al., 2000). 
A limited graft transmissible response is also reported in silencing of endogenous 
GLUTAMATE-1-SEMIALDEHYDE AMINOTRANSFERASE in N. benthamiana 
mediated by hpRNA expression in the rootstock, although silencing was still restricted 
to the vasculature (Kasai et al., 2011). The largely tissue specific nature of endogene 
silencing is also evident in examples of localised expression of silencing triggers, 
whether transgenic hpRNA expression under the control of tissue specific promoters 
(Byzova et al., 2004) or endogenous examples such as sRNA generating clusters in 
Soybean (Tuteja et al., 2004, 2009).
1.2.6.2. Current understanding
sRNA duplexes display mobility in plants and are considered the likely signal in both 
local and systemic spread of RNA silencing (Dunoyer et al., 2010a, 2010b; Molnar et 
al., 2010). The various duplexes however, display varying mobility as established by 
localised expression of constructs designed to trigger the production of each class of 
sRNA (Felippes et al., 2010; Tretter et al., 2008). Micro-RNAs function largely cell 
autonomously (Alvarez et al., 2006; Parizotto et al., 2004)  though some stress 
responsive miRNAs are suggested to be phoem mobile and have been shown to mediate
a silencing response across graft junctions (Buhtz et al., 2010; Lin et al., 2008; Pant et 
al., 2008). Similarly, small-interfering RNAs derived from hpRNA transgenes display a 
consistent 10-15 cell spread (Himber et al., 2003), though endogenous inverted repeat 
derived siRNAs have been shown to mediate a more widespread, though still limited 
graft transmissible silencing response (Dunoyer et al., 2010a). Endogenous and artificial
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tasiRNA generating (TAS) transcripts have been shown to mediate a silencing response 
with variable spread that is frequently longer distance than that observed from 
comparable artificial miRNA (amiRNA) and hpRNA transgenes (Felippes et al., 2010; 
Schwab et al., 2009; Tretter et al., 2008).
From genetic screens of localised hpRNA expression and grafting experiments using 
hpRNA expressing scions or rootstocks, it has emerged that production of a local 
silencing signal requires DCL4 and the PTGS machinery proteins (Dunoyer et al., 
2005). Reception of this signal relies on the transitive amplification of the silencing 
signal (Himber et al., 2003) as well as DCL3, RDR2, Pol IV, AGO4 and other 
components of the TGS machinery (Brosnan et al., 2007; Dunoyer et al., 2007; Smith et
al., 2007). 
Local spread is not inhibited for endogenous loci (Himber et al., 2003) and endogenous 
targets are frequently silenced by the TGS machinery (Melquist and Bender, 2003). As 
such, the resistance of endogenous targets to strong, widespread systemic silencing 
responses exhibited in the silencing of transgenes is most likely associated with their 
resistance to transitive amplification of the silencing signal. The importance of transitive
amplification is particularly relevant in Arabidopsis root-to shoot silencing where 
systemic spread does not exhibit any obvious phloem mediated transport and relies 
entirely on cell-to-cell, re-iterative amplification of the silencing signal (Liang et al., 
2012).
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1.3. Reporter systems
1.3.1. Reporter transgenes
Visible reporter proteins such as GFP (Chalfie et al., 1994; Haseloff and Amos, 1995)  
and enzymes that generate visible products such as GUS (Jefferson et al., 1986, 1987) 
are frequently used to assess the spatiotemporal distribution of gene products. 
Fluorescent proteins such as GFP are particularly useful as they allow the 
non-destructive and continuous measurement of gene expression in whole plants.
1.3.2. Reporter endogenes
Endogenous gene products that yield an obvious, localised loss-of-function phenotype, 
such as the bleaching caused by loss of NIA or PDS, and the loss of anthocyanin 
accumulation caused by loss of CHS are also frequently used as reporters of RNA 
silencing (Palauqui et al., 1996; Voinnet et al., 2000; Waterhouse et al., 1998). These are
particularly useful in indicating the extent of spread of a localised silencing signal due 
to the lack of transitive amplification of silencing from these targets (Himber et al., 
2003; Palauqui et al., 1997).
1.3.2.1. CHALCONE SYNTHASE
CHALCONE SYNTHASE has been central to RNA silencing research since the first 
observation of sense transgene induced silencing of an endogenous target, then termed 
“co-suppression”, in petunia flowers (Napoli et al., 1990). Various constructs designed 
to produce dsRNA complementary to the CHS locus in Arabidopsis were also used to 
demonstrate the importance of dsRNA in inducing the silencing response in plants 
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(Smith et al., 2000; Waterhouse et al., 1998; Wesley et al., 2001).
CHS functions in the first committed stage of flavonoid biosynthesis in higher plants. 
Reflecting the many roles of flavonoids in defense from stresses, including UV light, 
insect and pathogen damage, CHS is dynamically regulated in response to many 
environmental factors (Dao et al., 2011). In particular, CHS shows an approximately 
50-fold increase in activity in high light conditions, due mostly to increased 
transcription triggered from light response elements in its promoter (Feinbaum and 
Ausubel, 1988; Hartmann et al., 1998). 
In developing Arabidopsis seedlings, CHS exhibits a strong pulse of expression at 3 
days post-germination (Kubasek et al., 1992). Microarrays show CHS transcript 
accumulation at this stage is concentrated in the cotyledons, occurs to lower levels in 
the hypocotyl and is just above detection in the root (Schmid et al., 2005) Expression 
studies of mature Arabidopsis plants demonstrated expression throughout vegetative 
tissues, though this was concentrated in epidermal and vascular layers or adjacent to 
wound sites (Chory and Peto, 1990). Expression is also high in maturing flowers and in 
early seed/silique development (Schmid et al., 2005). Immunolocalisation studies have 
demonstrated the accumulation of CHS enzyme in cortex cells and in epidermal cells of 
the elongation zone in light exposed root tips, though plants grown on soil are reported 
to display little to no expression of CHS in roots (Saslowsky and Winkel-Shirley, 2001; 
Schmid et al., 2005).
Arabidopsis plants grown on media rich in sucrose show enhanced accumulation of the 
PAP1/MYB75 transcription factor (Teng et al., 2005). PAP1 is recruited to sucrose 
response elements in the CHS promoter region driving enhanced CHS expression and 
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subsequent anthocyanin accumulation (Kranz et al., 1998; Ohto et al., 2001; Solfanelli 
et al., 2006; Teng et al., 2005; Tsukaya et al., 1991). An activation mutant screen with 
vector pSKI015 in the Arabidopsis Columbia (Col-0) background generated the pap1-D
(first reported as pap1-1D) line which displays upregulation of the MYB75/PAP1 
transcription factor due to an insertion downstream of the coding sequence (Borevitz et 
al., 2000; Weigel et al., 2000). This line displays dramatically elevated expression of 
CHS and a number of other genes in the flavonoid biosynthesis pathway resulting in the 
overaccumulation of anthocyanin in most tissues (Shi and Xie, 2010).
1.4. Aims
The high frequency of transgene silencing is a problem in many applications of 
transgenic plants, though the unpredictable timing of its induction makes the direct 
study of this process difficult. Silencing however, may be predictably induced by the 
expression of inverted repeat transgenes to produce a dsRNA trigger (Waterhouse et al., 
1998). Triggering the silencing of transgenes and viruses is associated with the 
transitive amplification of the silencing signal from targeted transcripts (Vaistij et al., 
2002). Transitivity is likely responsible for the significant impact of transgene 
instability, as the amplification reinforces what may be isolated instances of dsRNA 
formation developing this trigger into a systemic silencing response (Dalmay et al., 
2000; Himber et al., 2003; Mourrain et al., 2000). In support of this, the reported genetic
requirements for transgene silencing are closely aligned with those of transitivity and 
systemic spread of silencing (Himber et al., 2003). This study focuses on these 
predictable processes of transitivity and systemic spread of silencing with the aim of 
developing an understanding of the vulnerability of transgenes to RNA silencing in 
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plants. 
Importantly, endogenously encoded genes are frequently stably expressed and are not 
equally vulnerable to the transitive amplification or systemic spread of RNA silencing 
(Palauqui et al., 1997; Vaistij et al., 2002). A system was developed to readily identify 
plants that support systemic spread of CHS silencing (Chapter 3). This was used to test a
number of mutant lines expected to display enhanced transitivity and systemic spread of
RNA silencing for the resistance of CHS to transitivity and systemic spread in these 
backgrounds (Chapter 4). The localised expression of RNA silencing constructs in this 
system was also expanded to further assess the capacity of miRNAs that have been 
previously demonstrated to trigger tasiRNA biogenesis, to generate a strong and mobile 
silencing signal from the endogenous CHS (Chapter 3). Furthermore, a fluorescence 
reporter system was developed for use in a mutagenesis screen to identify the genetic 
components required for the protection of the endogenous CHS from transitivity 
(Chapter 5). This screen was successful in identifying six mutant lines that display 
enhanced silencing of a reporter transgene that is linked to silencing of CHS. The 
genetic lesion corresponding to each of these mutant backgrounds was identified by 
bulked segregant deep-sequencing analysis (Chapter 6). Two of the isolated genes have 
been further demonstrated to be required for stable, high level anthocyanin 
accumulation in the pap1-D background. These results suggest that the enhanced 
silencing phenotype in each of the isolated mutants is due to a loss of protection of the 
CHS locus from RNA silencing.
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2.1. General molecular biology techniques
2.1.1. Genomic DNA extraction for PCR
Small pieces of plant leaf tissue (~ 2 mm2 ) were placed into the wells of a 96 well plate 
with 250 μL of extraction buffer (0.5M NaCl, 1% SDS) and a ball bearing in each well. 
Tubes were sealed with strip cap lids and placed in a Tissue Lyser II (QIAGEN) to 
disrupt the tissue at 30 Hz for 3 minutes. Plates were centrifuged at ~3400 RCF for 30 
minutes and 100 μL of the supernatant was transferred to a new plate. 200 μL of ethanol
(98%) was added to each sample and the plate was sealed with a plastic adhesive seal 
and centrifuged at ~3400 RCF for 1 hour to precipitate DNA. Supernatant was tipped 
off and plates were spun briefly upside down on paper towel at ~100 RCF to remove 
remaining liquid. DNA pellets were washed with 70% ethanol which was similarly 
tipped off and centrifuged briefly upside down at ~100 RCF to remove residual ethanol.
Plates were air dried for 10 minutes at room temperature before resuspending DNA in 
50 μL of water.
2.1.2. Polymerase chain reaction (PCR)
Typically 10 μL reactions were prepared in the supplied buffer with 1 unit of Taq DNA 
polymerase (NEB), 200uM dNTPs, 200 nM of each oligonucleotide primer and 1 μL of 
genomic DNA template or bacterial cells suspended in water. Thermal cycling was 
performed in either a MyCycler (BioRad) or Mastercycler (Eppendorf) thermocycler 
with an initial denaturation at 94 °C for 2 minutes, 35 cycles of 94 °C (30 s), 58 °C (30 
s), 68 °C (1 minute/kilobase pair (kb)), and a final extension for 3 minutes at 68 °C. 
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Annealing temperatures were adjusted to suit the melting temperatures of the 
oligonucleotide primers (listed in table S9.1)  which were designed using Primer3 
(Rozen and Skaletsky, 2000) or NCBI Primer-blast (Ye et al., 2012a).
2.1.3. Agarose gel electrophoresis
Typically 1.5 % agarose gels were prepared by dissolving low EEO Agarose 
(AppliChem) in 1 x Tris Borate EDTA (TBE) buffer and stained by the addition of 100 
μg/L ethidium bromide (AppliChem) prior to casting. DNA samples were mixed with 
gel loading buffer and electrophoresed in 1 x TBE typically at 10 V/cm. Gels were 
visualised and photographed in a GelDoc XR imaging system (BioRad) or cut on a UV 
transilluminator for gel isolation of restriction digest fragments.
2.1.4. Molecular cloning in E.coli
PCR amplicons generated with the Expand long template PCR system (Roche) using 
the recommended thermocycling conditions were recovered into pGEM-T Easy cloning 
vector (Promega) for restriction enzyme based cloning. Restriction enzymes obtained 
from New England Biolabs or Fermentas were used in the recommended concentrations
and in the provided buffers. Incubations were typically carried out overnight at the 
recommended temperature to ensure complete digestion of DNA fragments. Digested 
fragments were gel isolated or purified using a QIAquick Gel Extraction or PCR 
Purification Kit (QIAGEN) prior to ligation reactions. Ligations were performed using 
2.5 U of T4 DNA ligase (Fermentas) in 20 μL reactions incubated overnight at room 
temperature with ~20-200 ng of total DNA in the ligation and a 3:1 molar ratio of insert 
to vector. Ligated plasmids were recovered by electroporation of DH5α strain of 
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Escherichia coli and selected on Luria-Bertani (LB) media with the appropriate 
antibiotics. Colonies were selected and screened by PCR for the desired vectors then 
cultured overnight in 5 mL volumes of LB broth for QIAprep Spin Miniprep Kit 
(QIAGEN) isolation of plasmid DNA. Restriction digestion was used to verify 
purification of the desired plasmid.
2.1.5. Plasmid DNA Sequencing
Samples were prepared with ~500 ng of plasmid DNA and 1 pmol of primer in 12 L 
volumes for sequencing reactions performed by the Australian Genome Research 
Facility (AGRF, Brisbane, Australia).
2.1.6. Preparation of Agrobacterium cultures
Agrobacterium tumefaciens strain GV3101 was transformed with the desired binary 
vector by electroporation. Transformed colonies were recovered on LB media with 
rifampicin (50 mg/L) and gentamycin (20 mg/L) in addition to a selective agent 
corresponding to the resistance gene in the binary vector (kanamycin 50 g/L or 
spectinomycin 100 mg/L) at 28 °C overnight. Recovered colonies were screened for 
presence of the appropriate vector by PCR and a single clone harbouring the desired 
vector was cultivated in 20 mL of LB broth for two days. 1 mL of this culture was 
stored in 50% glycerol at -80 °C for future work while the remaining culture was used 
for Arabidopsis floral transformation or infiltration of N. benthamiana leaves.
2.1.7. RNA extraction
Tissue from plants cultivated on Murashige and Skoog (MS) (Murashige and Skoog, 
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1962) media was harvested into liquid nitrogen and stored at -80 ˚C or immediately 
ground in liquid nitrogen using a mortar and pestle. RNA was extracted using 
TRIZOLTM Reagent (Life Technologies, USA) per manufacturer's instructions with 
modifications described by Smith and Eamens (2012), resuspending in formamide for 
northern blot analysis or water for sRNA deep-sequencing. RNA concentration and 
purity was determined by absorbance measurements at 260, 280 and 320 nm using a 
NanoDropTM 1000 Spectrophotometer (Thermo Scientific). RNA integrity was 
confirmed by native agarose gel electrophoresis.
2.1.8. Northern blot
Twenty micrograms (20 µg) of total RNA typically extracted from aerial tissues of a 
pool of five plants, was separated on 15% polyacrylamide gels by electrophoresis as 
described by Smith and Eamens (Smith and Eamens, 2012). For riboprobes, the desired 
probe sequence was prepared in pGEM-T Easy cloning vector (Promega), cut at the 3' 
end of the sequence using a restriction site in the pGEM-T Easy multiple cloning site 
(MCS) to prepare for positive strand probe synthesis. This template was transcribed 
with either T7 or SP6 polymerase (Promega) in the presence of α-32P UTP then 
hydrolyzed with 200mM carbonate buffer to yield fragments of ~50-nt length. U6, 
miR168 and amiRNA-CHS oligoprobes used as load controls were prepared from 
oligos U6, miR168 and amiRNA-CHS (Table S9.1) by 3' end-labelling with α-32P CTP 
using terminal deoxynucleotide transferase (Fermentas). Membranes were exposed onto
Phosphor screens (Kodak) which were imaged using a Typhoon FLA 9000 (GE 
Healthcare Life Sciences). Membranes were stripped twice with boiling 0.1% SDS 
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before re-hybridisation.
2.2. Plant culture methods
2.2.1. Growth conditions
Seeds were stratified at 4 °C for two days prior to cultivation under a 16-hour 
photoperiod of fluorescent illumination (~100 μE/m2/s) in a controlled temperature 
environment, typically 21 – 23 °C. Where cultivated on soil, seeds were sown onto 
moist Plugger Custom soil mix (Debco) supplemented with 1.5 g Osmocote Exact Mini 
fertiliser (Scotts International, Netherlands) with an N:P:K:MgO ratio of 16:8:11:2. 
Where cultivated on MS medium seeds were surface sterilised by exposure to chlorine 
gas for 2 hours prior to sowing. Chlorine gas was formed by mixing 100 mL sodium 
hypochlorite (4%) and 3 mL of hydrochloric acid (37%) in a bell chamber.
2.2.2. Stable Transformation
Arabidopsis plants were cultivated to flowering on soil sowed at a density of ~ 6 plants 
per punnet tray (130 x 80 mm). When the anthers of the first few flowers had dehisced, 
mature flowers were removed in preparation for floral dipping.
Saturated Agrobacterium cultures of ~20 mL volume were centrifuged at ~3400 RCF 
for 10 minutes and resuspended in 3 mL of 5% sucrose with 0.05% Silwet-L77 (Lehle 
Seeds, USA), typically resulting in an A600 of greater than 3.0/cm. Unopened flower 
buds were dipped in this suspension and plants were wrapped in plastic cling-film 
overnight (Clough and Bent, 1998; Martinez-Trujillo et al., 2004). When seeds from 
these flowers had matured, plants were placed on restricted watering to accelerate 
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drying of the treated siliques.
2.2.2.1. Selection of transformants
Where selection was performed on soil, seed harvested from transformed plants was 
sown at a density of ~300 seeds per punnet. Selection for phosphinothrycin resistance 
genes was performed by spraying a solution of 0.2 g/L Basta (glufosinate ammonium) 
on plants ~ 3-5 days after germination. Selection for neomycin phosphotransferase II 
(NPTII) resistance genes on soil was performed under low lighting (~50 μE/m2/s) by 
spraying a solution of 0.1% Triton X-100 (Sigma) and kanamycin in increasing 
concentrations once a day over five days starting from ~3 days after germination ( 0.1 
g/L, 0.1 g/L, 0.2 g/L, 0.2 g/L and finally 0.5 g/L) (Xiang et al., 1999).
Where selection was performed on MS medium, the relevant selective agent, Basta (10 
mg/L) or kanamycin (20 mg/L) was supplemented directly to the media along with 
Timentin (150 mg/L) to control bacterial growth if selecting primary transformants.
2.2.3. Transient infiltration
Saturated Agrobacterium cultures of ~20 mL volume were centrifuged at ~3400 RCF 
for 10 minutes. LB broth was tipped off and cells were resuspended in infiltration buffer
(MgCl2 10mM, MES 10 mM, acetosyringone 150 µM) to a final A600 of 1.0/cm. 
Suspensions were incubated at room tempearture for 2-3 hours prior to infiltration of the
abaxial surface of N. benthamiana leaves with a 1mL syringe.
2.2.4. Crossing
Crossing was performed by removing the petals and anthers from maternal plants under 
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a stereo microscope prior to anther dehiscence and applying the pollen from dehisced 
paternal donor plants.
2.3. Vectors
2.3.1. pGEM-CHScds
The 1188-nt CHS coding sequence (CHScds) was amplified with primers CHS-F and 
CHS-R (Table S9.1) from Arabidopsis total cDNA and recovered into pGEM-T_easy to
create pGEM-CHScds. A single clone was restriction digested with SalI to determine 
the orientation of insertion as being sense to the T7 transcription start site.
2.3.2. pGEM-C
The 82-nt “C” region of CHScds (Fig. 5.2) was amplified with primers CHS82-F(XmaI)
and CHS82-R(XmaI) (Table S9.1) from pGEM-CHScds and recovered into 
pGEM-T_easy to create pGEM-C. A single clone was restriction digested with PstI to 
determine the orientation of insertion as being sense to the SP6 transcription start site.
2.3.3. pGEM-H
The 742-nt “H” region of CHScds (Fig. 5.2) was amplified with primers 
CHS742-F_ClaI and CHS742-R_BamHI (Table S9.1) from pGEM-CHScds and 
recovered into pGEM-T_easy to create pGEM-H. A single clone was restriction 
digested with NsiI to determine the orientation of insertion as being sense to the T7 
transcription start site.
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2.3.4. pGEM-S
The 364-nt “S” region of CHScds (Fig. 5.2) was amplified with primers 
CHS364-F(XmaI) and CHS364-R(XmaI) (Table S9.1) from pGEM_CHScds and 
recovered into pGEM-T_easy to create pGEM-S. A single clone was restriction digested
with NcoI and XbaI to determine the orientation of insertion as being sense to the SP6 
transcription start site.
2.3.5. pGEM-5'S and pGEM-3'S
The 136-nt 5' portion and 79-nt 3' portion of the “S” region of the CHScds was 
amplified from pGEM-CHScds using primers CHS-364-F(XmaI) and 
CHS_S5'136-R(XmaI) or CHS_S3'79-F(XmaI) and CHS-364-R(XmaI), respectively 
(Table S9.1). These fragments were recovered into pGEM-T_easy to create pGEM-5'S 
and pGEM-3'S respectively.
2.3.6. pGEM-3'TAS
A region of the CHScds starting immediately 3' of the aMIR-CHS cleavage site (nt 545)
and extending to the stop codon was amplified from pGEM_CHScds with primers 
3'TAS-F and CHS-R (Table S9.1) and cloned into pGEM-T_easy. A single clone that 
screened positive by PCR with primers M13F and CHS-R (Table S9.1) was determined 
to contain the insertion as being sense to the T7 transcription start site.
2.3.7. p4SG 
Plasmid pBSF12 was digested with BamHI and SalI enzymes to remove the SFA8 
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fragment including KDEL sequence (~760 nt) (Christiansen et al., 2000; Tabe et al., 
1995). A GFP fragment was amplified from a clone of hGFP-S65T (Clontech, USA) 
with oligos GFP-F and GFP-R then digested with BamHI and XhoI for insertion into 
the pBSF12 vector backbone to create pSG. The GFP fragment was inserted in sense 
orientation to the SSU promoter region which consists of 1720 nt of upstream sequence 
from AtRBCS1A (AT1G67090) finishing 5 nt upstream of the translational start site.
pSG was digested with NheI and EcoRI-HF to release the GFP expression cassette 
including SSU promoter, the GFP coding sequence and N. tabacum RBCS (SSU) 
terminator sequence. This expression cassette fragment was inserted between 
corresponding restriction sites in the pORE04 multiple cloning site (MCS) (Coutu et al.,
2007) to create p4SG.
2.4. Plant lines
The sgs2-1 (rdr6) mutant was obtained from Dr Hervé Vaucheret, INRA, Versailles, 
France. The sgs2-1 allele was detected by PCR with primers SGS2-F and SGS2-R 
(Table S9.1) and subsequent restriction enzyme digestion with BsaJI to discriminate the 
digested WT allele.
The pap1-D line (Borevitz et al., 2000; Shi and Xie, 2010; Weigel et al., 2000) was 
obtained from Dr Mandy Walker (CSIRO Plant Industry, Adelaide). The WT PAP1 
allele was detected by PCR with primers pap1-F and pap1-R while the pap1-D allele 
was detected with primers pap1-F and pap1D-R (Table S9.1).
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2.5. Deep-sequencing data analysis
Service sequencing was performed by AGRF in an Illumina Hi-Seq instrument and data
was generated using the Illumina CASAVA pipeline version 1.8.2. Specific analyses are 
described in the relevant chapters, though generally supplied data files were assessed for
quality using fastqc (Babraham Bioinformatics, 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) prior to further analysis. 
Conversion from the supplied fastq format to fasta was performed using the fq_all2std 
script contained within Maq (http://maq.sourceforge.net/index.shtml) to improve 
performance of subsequent tools. Adaptor sequences and sequences shorter than 18 nt 
were trimmed using fastx_clipper from the FASTX-Toolkit (Hannon Lab, 
http://hannonlab.cshl.edu/fastx_toolkit/). Alignments were performed using bowtie 
(Langmead et al., 2009) against prebuilt Arabidopsis indexes. Samtools (Li et al., 2009) 
was used to convert the resulting sam files to bam format and subsequently sort and 
index the file (Li et al., 2009). Alignments were viewed in IGV  (Robinson et al., 2011; 
Thorvaldsdóttir et al., 2012) and figures were exported as scalable vector graphics (svg) 
files to be arranged for presentation.
2.6. Imaging
Plants were assessed for GFP expression under a stereo fluorescence microscope with 
FITC, YFP and heGFP filter sets (SteREO Lumar V12, Zeiss, Germany) or by UV 
excitation (Dark Reader Hand Lamp HL32T, Clare Chemical Research) with the 
assistance of long exposure photography (Canon EOS550D, Canon, Australia ) through 
an Orange G filter (Orange G HMC filter, HOYA filters, Japan).
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 A reporter of systemic endogene silencing
3.1. Introduction
The systemic spread observed in hpRNA or viral vector mediated silencing of 
transgenes and viruses in plants requires the transitive amplification of the silencing 
signal in recipient cells (Himber et al., 2003; Palauqui et al., 1997; Schwach et al., 2005;
Voinnet and Baulcombe, 1997). The apparent resistance of endogenous transcripts to 
transitivity limits the systemic spread of silencing for such targets (Palauqui et al., 1997;
Voinnet et al., 2000). Some graft transmissible spread of silencing of endogenous targets
has been reported in the presence of a strong silencing signal in source rootstocks, 
although in these cases the silencing is restricted to cells neighbouring the vasculature 
of newly developed leaves (Kasai et al., 2011; Voinnet et al., 2000). hpRNA mediated 
silencing is also vulnerable to the effects of self targeting leading to transcriptional gene
silencing (Dong et al., 2011).
Modified miRNA precursor transcripts that include a desired duplex sequence provide 
efficient and highly specific cleavage of selected targets via amiRNA-directed RNA 
silencing (Eamens et al., 2009, 2011; Schwab et al., 2006). Aside from a unique class of
miRNAs that are processed by DCL3 into 24-nt lengths, miRNAs are not reported to 
mediate DNA methylation and as such do not self-target for transcriptional silencing 
(Wu et al., 2010). However, miRNAs have limited mobility and potential for multiple 
target homology when compared to inverted repeat transgene derived siRNAs and 
artificially produced tasiRNAs (Felippes et al., 2010; Tretter et al., 2008). Artificial 
tasiRNA production has until recently relied on artificial TAS transcripts with variably 
expressed endogenous triggers (Felippes et al., 2010, 2012; de la Luz Gutiérrez-Nava et 
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al., 2008; Tretter et al., 2008). The discovery that 22-nt miRNAs produced from 
asymmetric duplexes trigger tasiRNA production from TAS transcripts and transgenes 
with homologous target sites provided a new avenue to exploit this endogenous RNA 
silencing pathway (Chen et al., 2010; Cuperus et al., 2010; Felippes et al., 2012; 
Manavella et al., 2012).
To evaluate the capacity for endogenous transcripts to support tasiRNA production and 
the relative strength and spread of this silencing signal, PAP1/MYB75 (AT1G56650) 
transcription factor mediated overexpression of the anthocyanin pathway in the pap1-D 
background of Arabidopsis was used  (Borevitz et al., 2000; Shi and Xie, 2010; Weigel 
et al., 2000). This background displays upregulated transcription of a number of genes 
in the anthocyanin pathway, including CHS which is required for the production of 
purple pigmentation in leaves and roots and the brown color of seed coats (Shirley et al.,
1995). The capacity of various RNA silencing plant expression vectors to mediate 
widespread silencing of endogenous CHS in this background was assessed. A 22-nt 
amiRNA but not a 21-nt amiRNA delivered through similar precursor transcripts was 
demonstrated to trigger tasiRNA production from endogenous targets other than TAS 
transcripts or transgenes with complementary target sequences. Furthermore, this 
amplification and diversification of the silencing signal was shown to enhance the 
strength and spread of RNA silencing.
3.2. Materials and method
3.2.1. Vectors
The 35S_GFP transgene was constructed in the pORE04 backbone and carries the 35S 
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promoter and GFP coding sequence (cds) between NotI and KpnI sites and the HSP 
terminator between MluI and NcoI sites (Coutu et al., 2007; Nagaya et al., 2009). 
Vector p3-SSU carries the SSU promoter released from p4SG (BamHI/SalI digest) and 
recovered into pORE03 (Coutu et al., 2007). The “F” sequence of GFP (oligos 
GFP”F”-F and GFP”F”-R_CACC) was cloned into pENTR-D by TOPO Cloning (Life 
Technologies, USA) and subsequently recombined into pHELLSGATE12 (CSIRO, 
Plant Industry) using LR Clonase II enzyme mix (Life Technologies) to create an 
inverted repeat, pHG12-hp”F”. The SSU_hp”F” vector harbours this “F” inverted repeat
released as a NotI fragment and inserted into a similarly digested p3-SSU.
Vector pOP harbours the PDK intron from pHANNIBAL (Wesley et al., 2001) between 
XhoI and SpeI sites of the pORE03 binary vector (Coutu et al., 2007) and was kindly 
provided by Glen McIntyre (Waterhouse Lab, Sydney University). A central region of 
the CHS cds, “H”, was amplified from pGEM-CHScds with two sets of primers 
containing different restriction endonuclease overhangs at their 5' termini 
(CHS”H”-F_KpnI/CHS”H”-R_XhoI and CHS”H”-F_ClaI/CHS”H”-R_BamHI (Table 
S9.1)). These amplicons were cloned into pOP using the terminal restriction sites to 
produce pOP_hpCHS. The inverted repeat was transferred from pOP_hpCHS to 
p3-SSU between MluI and XhoI sites to create SSU_hpCHS.
The mir159b backbone including lacZ for blue/white selection was released by XhoI 
and ClaI digestion of pBlueGreen (Eamens et al., 2009) and recovered into SalI and 
ClaI digested p3-SSU to create SSU_amiR. amiR21-CHS and amiR22-CHS amplicons 
(CHSmiR-R with CHSmiR-F or CHSmiR22-F respectively) were digested with LguI 
and recovered into a similarly digested SSU_amiR to produce SSU_amiR21-CHS and 
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SSU_amiR22-CHS respectively.
3.2.2. Plant lines
The 35S_hpCHS line harbouring pHANNIBAL-hpCHS is stably expressing and 
displays an absence of anthocyanin accumulation in all tissues as previously described 
(Wesley et al., 2001). Selection for pORE04 derived vectors was performed on MSN 
media containing 20 mg/L kanamycin and for pORE03 derived vectors on soil by spray 
with 0.2g/L Basta. In the pap1-D background, selection for SSU_hpCHS, 
SSU_amiR21-CHS and SSU_amiR22-CHS lines was conducted by visual identification
of silencing phenotypes. 
3.3. Deep-sequencing and data analysis
Short RNAs were sequenced as 100 base pair (bp) single end reads from SSU_hpCHS 
(~11 M reads) SSU_amiR21-CHS (~18 M reads) and SSU_amiR22-CHS (~17M reads) 
in the pap1-D background alongside a pap1-D (15 M reads) control. The UEA sRNA 
toolkit (Stocks et al., 2012) was run locally against the TAIR10 cDNA representative 
gene model to assess phasing from the predicted 22-nt amiRNA cut site.
3.4. Results
3.4.1. Systemic silencing with an SSU promoter driven hpRNA 
targeting a GFP transgene
The expression domains of the SSU promoter were assessed by visible fluorescence in 
lines harbouring an SSU promoter driven GFP transgene (SSU_GFP harboured in 
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vector p4SG, see section 3.2.1). SSU_GFP expression was lower than that observed 
with the 35S promoter (35S_GFP) and was restricted to developing aerial tissues 
including the hypocotyl, cotyledons, petioles and leaves (Fig. 3.1; A). Silencing of 
35S_GFP mediated by the SSU promoter driven “F” inverted repeat construct 
(SSU_hp”F”) however, was observed in all tissues, with only limited expression 
remaining in some roots (Fig. 3.1; A). This widespread silencing occured despite the 
low level of hpRNA expression driven by the SSU promoter and limited production of 
primary “F” region siRNAs, due to the transitively produced siRNAs from the 
downstream “P” region,  which were readily detected by northern blot (Fig. 3.1; B).
3.4.2. Lack of systemic silencing with an SSU promoter driven 
hpRNA targeting endogenous CHS
An SSU promoter driven inverted repeat transgene targeting endogenous CHS 
(SSU_hpCHS) triggered silencing in rosette leaves in the pap1-D background (T1 
plants, n=21), however anthocyanin accumulation persisted in the hypocotyl, young 
leaves, petioles, roots and seed coat (Fig. 3.2). No evidence of silencing was seen in the 
Col-0 background (T1 plants, n=19), which was expected given little overlap between 
the tissues exhibiting silencing in the pap1-D background and those accumulating 
anthocyanin under normal conditions in the Col-0 background (Fig. 3.2). The persistent 
accumulation of anthocyanin in young leaves and petioles of SSU_hpCHS lines despite 
apparent SSU activity in these tissues was likely due to insufficient hpRNA 
transcription, as silencing in all tissues was observed with 35S promoter driven hpCHS 
(35S_hpCHS) (Fig. 3.2).
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The accumulation of inverted repeat derived “H” region siRNAs from the SSU_hpCHS 
transgene was barely detectable in the pap1-D background and was below detection 
sensitivities in the Col-0 background (Fig. 3.3). The accumulation of transitively 
produced “S” region siRNAs was detected, but only in the pap1-D background 
harbouring the SSU_hpCHS (Fig. 3.3 and 3.5).
3.4.3. Enhanced SSU promoter driven silencing with an amiRNA
SSU_amiR21-CHS expression in the Col-0 (T1 plants, n=3) and pap1-D backgrounds 
(T1 plants, n=21) demonstrated silencing of CHS in all aerial tissues except seed coats 
(Fig. 3.4). Anthocyanin accumulation persisted in roots in the pap1-D background, 
however not quite to the levels seen in untransformed controls (Fig. 3.4). Artificial 
miRNA-mediated silencing was evident in young leaves and petioles where similar 
expression of a hpRNA had little effect, suggesting processing factors or effectors of 
hpRNA silencing are limited in these tissues.
3.4.4. More widespread silencing observed with the use of a 
22-nt amiRNA silencing vector
SSU_amiR22-CHS expression in Col-0 (T1 plants, n=42) and pap1-D (T1 plants, n=27)
backgrounds demonstrated silencing in all aerial tissues as described for the 
SSU_amiR21-CHS, with silencing spreading to the seed coat and roots of many lines 
(Fig. 3.4). In the Col-0 background, 34/42 T1 plants produced at least some yellow seed
including 19 plants that produced all yellow seed. In the pap1-D background, 24/27 T1  
plants produced at least some yellow seed, 12 of these produced all yellow seed. 
Silencing of CHS expression in the seed coat is expected to have been caused by mobile
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tasiRNAs generated in neighbouring tissues. However, the potential for mobility of the 
amiRNA or a low level of local amiRNA expression that only mediates a strong 
silencing response due to tasiRNA production, cannot be excluded.
The expected size difference between 21- and 22-nt amiRNAs produced from the 
SSU_amiR21-CHS and SSU_amiR22-CHS respectively, and the accumulation of 
siRNA downstream of the 22-nt amiRNA target site was confirmed by northern blot 
(Fig. 3.5). Accumulation of tasiRNAs is lower in the Col-0 background suggesting that 
tasiRNA production scales with target transcript abundance (Fig. 3.5). The lack of 
silencing in seed coats and roots of some SSU_amiR22-CHS lines was associated with 
lower levels of 22-nt amiRNA and tasiRNA accumulation in both the Col-0 and pap1-D
backgrounds. These results also reflect the observed efficacy of amiRNAs in local 
silencing and suggest a requirement for a strong silencing signal to facilitate the 
observed widespread silencing (Fig. 3.5).
3.4.5. Deep-sequencing to assess transitivity and tasiRNA 
production in the pap1-D background
Deep-sequencing of sRNAs confirmed the accumulation of hpRNA derived “H” region 
and transitively produced “S” region siRNAs in the pap1-D background expressing the 
SSU_hpCHS (Fig. 3.6, Table S9.2). No abundant siRNAs were detected from the 5' 
region “C”, or from the intron sequence in this line (Table S9.2). In SSU_amiR21-CHS 
and SSU_amiR22-CHS lines, the most abundant reads were from the predicted 
amiRNA guide strands (Fig. 3.6, Table S9.3). In contrast to the SSU_amiR21-CHS, the 
SSU_amiR22-CHS triggered production of tasiRNAs from the region 3' of the miRNA 
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target site in phase with the predicted cleavage site (Fig. 3.6 and Tables S9.4, S9.5).
3.4.6. Widespread silencing observed with a 22-nt amiRNA 
silencing vector is lost in an rdr6 mutant background
To confirm that tasiRNA production is responsible for the widespread silencing 
phenotype seen in the SSU_amiR22-CHS line rather than varying production or 
stability of the miRNA, an rdr6 (sgs2-1) mutant allele was introduced to assess the 
silencing phenotype in a line deficient in RDR6 activity. F2 progeny of genetic crosses  
that were homozygous for rdr6 and harbour the SSU_amiR22-CHS transgene, exhibited
local silencing as observed for SSU_amiR21-CHS lines. However, widespread silencing
was not observed in these plants and there was no evidence of CHS silencing in either 
roots or seed coats (Fig. 3.7). As expected, rdr6 mutants did not accumulate detectable 
tasiRNAs either with or without the pap1-D allele (Fig. 3.8). 
3.5. Discussion
3.5.1. hpRNA mediated silencing
The SSU promoter expression domains observed from the SSU_GFP transgene 
resemble closely those reported for a similar promoter gene fragment, the 1971 bp 
upstream of AtRBCS1A (Sawchuk et al., 2008). This promoter fragment was reported to 
display expression in cotyledons, leaves, flowers, siliques and in the root tips of 
developing embryos and young seedlings. Expression was also reported to be 
conspicuously absent from vasculature, including progenitor preprocambial cells. 
Despite the restricted expression domains of the SSU promoter, complete systemic 
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silencing of a constitutively expressed 35S promoter driven GFP transgene (35S_GFP) 
was triggered by the SSU promoter driven expression of a hpRNA specific to GFP 
(SSU_hp”F”). As expected in silencing of transgenes, this silencing was associated with
the transitive production of siRNAs from the region downstream of the target.
Similar SSU promoter-driven expression of a hpRNA specific to CHS (SSU_hpCHS) 
did not display systemic spread of silencing in the upregulated pap1-D background, a 
result contrary to a report of systemic co-suppression with upregulated NIA (Palauqui 
and Vaucheret, 1998). Importantly however, transitively produced siRNAs were 
detected in the pap1-D background suggesting high levels of expression are likely to 
enhance the systemic silencing response as was reported.
Transitively produced siRNAs were only detected in lines expressing the SSU_hpCHS, 
and not in lines expressing a similar hpRNA under the control of the 35S promoter. This
result suggests that the strong 35S promoter driven silencing signal prevents the 
accumulation of transitively produced siRNAs, likely due to more rapid degradation of 
transcripts that would otherwise form a substrate for RDR6 activity. In this case, 
detection of transitive siRNAs produced in the presence of a relatively weak SSU 
promoter driven hpCHS silencing signal was further facilitated by the high level of 
CHS expression in the pap1-D background.
SSU_hpRNA mediated silencing was observed in all tissues of mature leaves, including 
the vasculature despite this region being reported to lack SSU promoter driven 
expression (Sawchuk et al., 2008). This result is likely due to the 10-15 cell spread of 
the transitivity-independent local silencing signal (Himber et al., 2003).
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3.5.2. 21-nt amiRNA mediated silencing
Intriguingly, silencing of CHS was not observed in petioles and young leaves of lines 
expressing the SSU_hpCHS a result that may be attributed to the restricted expression 
domains of the SSU promoter (Sawchuk et al., 2008). However, SSU promoter driven 
amiRNA (SSU_amiR21-CHS)-mediated silencing was efficient in clearing anthocyanin 
from these tissues. This result suggests an inefficiency of hpRNA processing and/or 
siRNA effector machinery in these tissues as compared to amiRNA mediated silencing 
machinery. The efficient local silencing in SSU_amiR21-CHS lines was still limited in 
its distribution, with persistent anthocyanin accumulation in roots and seed coats 
reflecting the limited or absent SSU promoter expression in these domains.
3.5.3. 22-nt amiRNA mediated silencing
The limited mobility of amiRNA and hpRNA mediated silencing of CHS was overcome 
by the use of a 22-nt amiRNA that triggers production of tasiRNAs. The 22-nt amiRNA 
itself functions effectively in local silencing as evidenced in rdr6 mutants that displayed
similar silencing distribution to 21-nt amiRNA lines.
The production of tasiRNAs in SSU_amiR22-CHS lines was shown to mediate 
widespread silencing of CHS indicated by clearing of anthocyanin from roots and seed 
coats in many of these lines. This enhanced silencing spread may be attributed to the 
greater mobility of tasiRNAs (Felippes et al., 2010; Tretter et al., 2008) and the additive 
effect of both amiRNA- and tasiRNA-directed mRNA cleavage.
 It was noted that accumulation of tasiRNAs was greater in the pap1-D background, 
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suggesting the production of this silencing signal is in proportion to target transcript 
abundance. This scaling of tasiRNA production would reduce the likelihood of 
interference with developmentally important regulation by saturation of components of 
the silencing machinery, such as AGO1 (Martínez de Alba et al., 2011) with siRNAs 
that direct RISC to unavailable targets.
Overall, these results demonstrate the potential for low level and localised expression of
a 22-nt amiRNA triggering widespread silencing of genes and gene families.
3.5.4. SSU_hpCHS as a reporter of systemic CHS silencing
In this chapter, the obvious phenotype of yellow seed colour associated with 
sRNA-directed RNA silencing of CHS in seed coats of Arabidopsis was demonstrated 
in the presence of tissue restricted 22-nt amiRNA expression and associated tasiRNA 
production. This spread of the silencing signal was not seen with hpRNA derived siRNA
production driven by the same SSU promoter.
The production of transitive siRNAs from transgenes was associated with widespread 
RNA silencing (Himber et al., 2003). It is expected that transitivity in hpRNA-mediated 
RNA silencing of CHS would similarly result in widespread silencing and the easily 
scored yellow seed phenotype. In Chapter 4, this novel system was applied to assessing 
the extent of CHS silencing spread in mutants thought likely to support transitivity from
this endogenous target.
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4.1. Introduction
The process that confers an apparent protection of endogenous transcripts from 
transitivity and systemic silencing is currently best described by the vulnerability of 
transgenes to RNA silencing. This information comes from mutant plant backgrounds 
that display enhanced vulnerability of transgenes to RNA silencing and from transgene 
constructs that display either enhanced vulnerability or some protection from RNA 
silencing in WT backgrounds (Beyene et al., 2010; Christie et al., 2011; Gazzani et al., 
2004; Gregory et al., 2008; Herr et al., 2006; Luo and Chen, 2007; Moreno et al., 2013; 
Nicholson and Srivastava, 2009). The emerging picture from these studies is that 
transcripts lacking the features of the various coordinated activities of Pol II 
transcription; including capping, splicing and transcriptional termination, accumulate 
and are recognised and recruited to sites of RDR6/SGS3 activity.
A critical phase of eukaryotic transcription termination is dissociation of the Pol II 
complex from the nascent RNA. In yeast and human models the activity of Rat1 and 
Xrn2, respectively contribute to a “torpedo effect” of mRNA degradation following 
poly-A site cleavage that facilitates Pol II dissociation (Kim et al., 2004; West et al., 
2004). A close homologue of these factors in Arabidopsis, XRN4, is a cytoplasmic 
exoribonuclease that degrades the 3' end fragments of miRNA cleaved mRNA 
transcripts (Kastenmayer and Green, 2000; Souret et al., 2004). XRN4 has also been 
demonstrated to degrade uncapped endogenous transcripts and it has been suggested 
that XRN4 prevents the entry of such transcripts into the RDR6-mediated silencing 
pathway (Gazzani et al., 2004; Gregory et al., 2008). Transcripts processed by XRN4 
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are suggested to contain conserved motifs and conform to functional categories, 
suggesting a regulatory role (Rymarquis et al., 2011).
XRN2 and XRN3 are nuclear exoribonucleases reported to degrade excised miRNA 
loop sequences resulting from nuclear processing of miRNA precursor transcripts, and 
to function in suppression of RNA silencing (Gy et al., 2007). Reduced XRN3 activity 
results in the accumulation of 3′ transcript extensions that are generated from thousands 
of individual mRNAs (Kurihara et al., 2012). Highly expressed protein-coding genes 
and miRNA precursor transcripts are particularly represented in the ~2000 transcripts 
identified (Kurihara et al., 2012). CHS was not reported among these, though may be 
expected to form such products in the overexpressing pap1-D background. The 3' 
extension products are likely the result of read-through transcription by Pol II, and may 
accumulate due to a deficiency in the coupled processes of XRN mediated degradation 
and Pol II dissociation. The fry1-6 mutant displays reduced expression of XRN2, XRN3
and XRN4 and is expected to be particularly useful in studying the role of XRNs in 
silencing given the lethality of xrn3 null mutants (Gy et al., 2007).
In addition to the demonstrated vulnerability of uncapped transcripts in xrn4 mutants, a 
role for mRNA capping in avoiding RNA silencing is further supported by a level of 
protection offered transgene transcripts that include splicable introns, in a manner 
dependent on ABH1 (Christie et al., 2011). ABH1 encodes a homologue of the 
eukaryotic nuclear RNA cap binding protein CBP80 and its gene product ABH1 
heterodimerises with AtCBP20 to form the mRNA cap binding complex (Hugouvieux 
et al., 2001). ABH1 also interacts with SE to perform efficient splicing which is 
required in splicing mediated inhibition of transgene silencing and both proteins 
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additionally function in miRNA biogenesis  (Christie and Carroll, 2011; Laubinger et 
al., 2008). These interactions reflect the closely coupled processing surrounding Pol II 
transcription.
The importance of splicing per se in inhibition of RNA silencing, rather than simply the 
recruitment of the splicing machinery may be assessed by the examination of an 
aberrantly spliced target. The tt4-2 line is derived from an EMS mutagenesis screen of 
the Col-0 background and carries a null mutation in the endogenous CHS, a G to A 
transition in the 3' splice acceptor site (Shirley et al., 1995). Some spliced and unspliced
transcripts are produced from this allele, however both are mis-spliced and encode stop 
codons that terminate translation prematurely resulting in a lack of CHS activity 
(Burbulis et al., 1996).
Aberrant mRNA 3' end formation, whether due to a lack of the required machinery or a 
lack of sites for their recruitment and proper activity, has been demonstrated to enhance 
transcript vulnerability to RNA silencing (Herr et al., 2006; Luo and Chen, 2007; 
Nicholson and Srivastava, 2009). The T-DNA insertion mutant SALK_011183C 
contains a T-DNA insertion downstream of the CHS stop codon, within the  229-nt 3' 
untranslated region (UTR) of CHS. The line displays no apparent loss of CHS 
expression though the presence of this insertion is predicted to disrupt proper mRNA 3' 
end formation which may be expected to make this allele more vulnerable to RNA 
silencing.
The vulnerability of transgenes to silencing is commonly attributed to their high levels 
of expression. To account for this, enhanced CHS expression in the pap1-D line was 
included in tests of these candidate genes and/or the mutant CHS alleles for their 
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vulnerability to RNA silencing. A stable homozygous line in the pap1-D background 
expressing an inverted repeat transgene to direct silencing of the endogenous CHS locus
(hpCHS) under the control of the SSU promoter, had previously been prepared to assess
the extent of systemic silencing of CHS (Chapter 3). This line was crossed into the 
xrn4-6, abh1-285, fry1-6, tt4-2 and SALK_011183C lines to assess the vulnerability of 
CHS to systemic silencing in these backgrounds.
4.2. Materials and Method
4.2.1. Plant lines
Charles Buer of the Australian National University kindly provided a derivative of the 
tt4-2 mutant line that has been back-crossed to Col-0 several times to isolate the tt4-2 
mutant allele. The xrn4-6 (SALK_014209), fry1-6 (SALK_020882), abh1-285 
(SALK_024285C) and SALK_011183C were obtained from Arabidopsis Biological 
Resource Center (ABRC, Ohio State University).
4.2.2. Genotyping
Genotyping of xrn4-6 and fry1-6 alleles was performed by PCR with primers 
xrn4-6_LB or fry1-6_LB together with LBa1 (Table S9.1). XRN4 and FRY1 WT alleles
were assessed by PCR with primers xrn4-6_LB and xrn4-6_RB or fry1-6_LB and 
fry1-6_RB, respectively (Table S9.1). abh1-285 mutants were screened by PCR with 
primers ABH1-285-F and ABH1-285-R to detect the WT allele and with ABH1-285-F 
and LB1b to detect the T-DNA insertion (Table S9.1). SALK_011183C lines were 
screened by PCR with primers CHS5'UTR-F and CHS3'UTR-R for the WT allele and 
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with LBa1 and CHS3'UTR-R for the T-DNA insertion (Table S9.1). PCR detection of 
the SSU_hpCHS was performed with primers p4SGS_seqF and CHS”H”-F_KpnI 
(Table S9.1).
4.3. Results
4.3.1. Enhanced silencing candidate mutants
F2 progeny of crosses between the pap1-D line harbouring the SSU promoter driven 
hpCHS (SSU_hpCHS) and individuals homozygous for the xrn4-6, fry1-6 and 
abh1-285 alleles were identified by PCR and then cultivated for seed collection. No 
evidence of enhanced silencing spread was seen in any of the xrn4-6, fry1-6 or 
abh1-285 mutants harbouring the SSU_hpCHS (Fig. 4.1). The fry1-6 and abh1-285 
mutations were isolated in the pap1-D background with and without the SSU_hpCHS 
and no evidence of enhanced silencing spread was observed (Fig. 4.1).
Among F2 segregants of crosses between the pap1-D background harbouring the 
SSU_hpCHS and xrn4-6 mutants, 24 xrn4-6 homozygous plants were identified. None 
carried the pap1-D allele, likely due to the linkage between the pap1-D and XRN4 loci, 
which are only ~0.8M bp apart on Chromosome 1. Those xrn4-6 mutant plants 
additionally harbouring the SSU_hpCHS displayed a distinct phenotype that may 
suggest a sensitivity to CHS protein abundance, hpRNA and or siRNA accumulation in 
the xrn4-6 mutant background (Fig. 4.2). F3 progeny of an xrn4-6 mutant that was 
hemizygous for the SSU_hpCHS co-segregated this distinct phenotype with the 
SSU_hpCHS. Of 16 plants assessed, 7 carried the SSU_hpCHS and displayed the 
unique phenotype while the remaining plants displayed a phenotype typical of xrn4-6 
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and did not carry the SSU_hpCHS. This result supports the contribution of the 
SSU_hpCHS transgene to the displayed phenotype. Interestingly, fry1-6 mutant plants 
harbouring the SSU_hpCHS transgene did not display a similar phenotype, even in lines
that additionally harboured the pap1-D allele (Fig. 4.2). This suggests that the low 
levels of XRN4 present in fry1-6 plants are sufficient for normal development in the 
presence of  SSU_hpCHS.
The accumulation of sRNAs in the xrn4-6 and fry1-6 backgrounds was assessed by 
northern blot, probing for primary, “H” region derived siRNAs corresponding to the 
SSU_hpCHS and for secondary, “S” region derived siRNAs from the endogenous CHS 
locus. No evidence was seen for the enhanced production of transitive “S” region 
derived siRNAs in either of these backgrounds (Fig. 4.3). As described previously 
(Chapter 3), “S” region derived siRNAs accumulate in the pap1-D background 
harbouring the hpCHS, owing to a low rate of transitive siRNA production from the 
endogenous locus (Fig. 4.3, pap1-D + SSU_hpCHS). No significant increase in siRNAs
produced from this region was seen by the introduction of a homozygous fry1-6 allele 
(Fig. 4.3).
4.3.2. CHS mutant alleles
The aberrantly spliced CHS transcripts in the tt4-2 mutant and the predicted aberrant 3' 
ends in the T-DNA insertion mutant SALK_011183C, were assessed for their capacity 
to support systemic spread of RNA silencing in F1 progeny of crosses to the pap1-D 
line harbouring the SSU_hpCHS (Fig. 4.4). No evidence of enhanced silencing spread 
was seen, suggesting the disruption of CHS transcript processing in these lines is
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insufficient to support transitivity and systemic silencing, at least in the heterozygous 
state (Fig. 4.4).
4.4. Discussion
Mutations in XRN4 are shown to enhance the vulnerability of transgene constructs to 
silencing (Gazzani et al., 2004). Mutations in FRY1 suppress the accumulation of XRN4
and the related XRN2 and XRN3, all of which have proposed roles in suppression of 
silencing (Gy et al., 2007). XRN4 is proposed to degrade uncapped transcripts, and a 
role for the capping complex including ABH1 is identified in protection of spliced 
transgenes from silencing (Christie et al., 2011; Gregory et al., 2008). The results 
presented here suggest that mutation of each of these factors individually is insufficient 
to affect the vulnerability of an endogenous CHS transcript to silencing.
Similarly, disruption of accurate splicing of the CHS transcript in the tt4-2 line did not 
result in enhanced silencing spread suggesting that accuracy of splicing is not required, 
and that rather the recruitment of splicing factors is sufficient to provide protection from
systemic spread of silencing.  Alternatively, loss of any protection offered by correct 
splicing may not sufficiently expose the endogenous CHS to the silencing machinery 
due to redundancy with other mechanisms that offer protection.
Proper termination of transcription has also been suggested to be required for the 
protection of transcripts from entry into RNA silencing pathways (Herr et al., 2006; Luo
and Chen, 2007).  The T-DNA insertion in the 3' UTR of CHS found in SALK_011183C
is predicted to disrupt mRNA 3' end formation. However, these lines accumulate normal
levels of anthocyanin and did not show any enhanced silencing phenotype in this screen.
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21-nt siRNAs produced from a number of endogenous protein-coding transcripts, 
including CHS, are abundant in an abh1/xrn4 double mutants (Gregory et al., 2008). 
The loss of ABH1 is thought to expose the 5' cap structure to more efficient removal by 
decapping enzymes, exposing the mRNA to competition between XRN4 and RDR6. 
Future experiments will combine the xrn4-6 and abh1-285 mutations into a single line, 
along with the SSU_hpCHS to assess the systemic spread of silencing when both gene 
products are lost.
The phenotype of xrn4-6 mutant plants harbouring the SSU_hpCHS is reminiscent of 
leaf structures in ago1 mutants (Bohmert et al., 1998). It would be interesting to further 
assess this phenotype in the presence of the constitutive 35S promoter driven hpCHS 
which would be expected to enhance the severity of the phenotype.
In conclusion, none of the candidate mutants, selected on the basis of potential for 
enhanced silencing, displayed enhanced transitivity or systemic spread of silencing the 
endogenous CHS gene. The possibility exists that the reporter system for systemic 
spread was not sensitive enough to report a low level of enhanced silencing response. 
However it seems likely that other mechanisms contribute to the protection of CHS 
transcripts from RDR6 activity. To examine this possibility and identify novel candidate
genes in a forward mutagenesis screen, a fluorescence reporter system for transitivity in 
RNA silencing of the endogenous CHS was developed (Chapter 5).
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5.1. Introduction
The detection of transitive sRNAs by northern blot has paved the way to the discovery 
and characterisation of transitivity in plants (Petersen and Albrechtsen, 2005; Vaistij et 
al., 2002). More recently, high throughput sequencing has provided a more detailed 
representation of the sRNA accumulation profile in transitive silencing and the closely 
related tasiRNA biogenesis pathway (Aregger et al., 2012; Rajeswaran et al., 2012). 
Despite the importance of these assays, they are limited to destructive analysis of 
relatively few samples. This prohibits their use in forward genetic strategies such as a 
mutant screen.
To overcome these limitations, a fluorescence reporter system was developed to 
facilitate the detection of transitivity-dependent silencing in vivo. The design is similar 
to a so-called XYZ system used to demonstrate the silencing of an endogenous target, 
CAT2 by transitively produced siRNAs (Bleys et al., 2006a, 2006b; Van Houdt et al., 
2003). In the endogene transitivity reporter system, the “X” component or inducer is a 
constitutively expressed hairpin transgene (from pHANNIBAL-CHS) with homology to
a region of the endogenous CHS (Wesley et al., 2001). The “Y” component, or target is 
the endogenous CHS transcript that displays resistance to the production of transitive 
siRNAs (Wesley et al., 2001, Liang, White and Waterhouse, unpublished data presented 
in Fig. 5.1). The “Z” component, or reporter, is a GFP transgene with 3' 
transcriptionally fused sequence from regions of the CHS endogenous transcript, “C” 
from 5' of the hpCHS target region or “S” from 3' of the hpCHS target region (Fig. 5.2).
In this reporter system, the GFP transgene is expressed under the control of the 
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Arabidopsis SSU promoter, chosen to reduce the potential for transgene promoter 
silencing that may be expected with multiple copies of the 35S promoter (Fusaro et al., 
2006; Matzke et al., 1989; Mlotshwa et al., 2010). Silencing of the SSU promoter 
sequence as a result of enhanced transgene silencing would however not be expected to 
result in a lethal phenotype, as the source of this promoter sequence, AtRBCS1A, 
accounts for only about half of the RBCS content of Arabidopsis and loss of function 
mutants display only subtle phenotypic changes (Izumi et al., 2012). 
The pap1-D background chosen for this reporter system displays enhanced 
accumulation of anthocyanin in most tissues due to an upregulation of much of the 
flavonoid pathway, including CHS, by MYB75/PAP1 (Borevitz et al., 2000; Shi and 
Xie, 2010; Weigel et al., 2000). The enhanced expression of CHS in this line is expected 
to improve the strength and broaden the distribution of any transitive silencing signal 
produced from this endogenous transcript.
5.2. Materials and Method
5.2.1. Vectors
5.2.1.1. p4SGC, p4SGS, p4SG5'S, p4SG3'S
pGEM-C, pGEM-S, pGEM-5'S and pGEM-3'S were digested with XmaI to release the 
corresponding CHS fragments. These fragments were ligated into XmaI digested p4SG, 
introducing the fragments immediately 3' of the GFP coding sequence (see section 
3.2.1), to create p4SGC,  p4SGS, p4SG5'S and p4SG3'S, respectively. The orientation 
of insertion was assessed by PCR with a p4SG vector specific primer and an insert 
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specific primer (GFP-F with CHS82-R, GFP-F with CHS364-R, p4SGSseqF with 
CHS-S5'136-R(XmaI) and p4SGSseqF with CHS364-R, respectively). A single clone of
each vector was selected with the CHS fragment conserved in sense orientation.
5.2.1.2. p4SG_hpCHS and p4SGS_hpCHS
pHANNIBAL-CHS was digested with NotI to release the expression cassette including 
the 35S promoter, CHS specific inverted repeat and OCS terminator (Wesley et al., 
2001). This ~4427-nt fragment was ligated into a NotI digested p4SG and p4SGS to 
create p4SG_hpCHS and p4SGS_hpCHS respectively. Clones were digested with 
HindIII to determine the orientation of insertion as being in tandem to the GFP 
expression cassette.
5.2.1.3. p4SGC_hpCHS
pGEM-C was digested with XmaI to release the ~82-nt “C” fragment to be ligated into 
a similarly digested p4SG_hpCHS creating p4SGC_hpCHS. Clones were PCR screened
with oligos GFP-F and CHS82-R to identify a clone with the CHS fragment conserved 
in sense orientation.
5.3. Results
5.3.1. Transient expression
Agrobacterium-mediated transient infiltration of N. benthamiana leaves was performed 
with a series of GFP expression vectors harbouring the components of the transitivity 
reporter system to assess GFP expression by visible fluorescence (Fig. 5.3).
93
Fluorescent reporter system for transitivity of endogene silencing
Transcriptional fusion of CHS fragments (“C” or “S”) to the GFP coding sequence 
reduced fluorescence significantly, with the longer “S” fragment reducing fluorescence 
to just above detectable levels. Enhanced GFP fluorescence was observed from each 
reporter construct that additionally harboured the 35S promoter driven hairpin targeting 
CHS (hpCHS). The mechanism for this enhanced expression is not understood, though 
may be due to saturation of the RISC complex or other silencing machinery proteins 
with non-specific siRNAs, delaying the onset of transgene silencing directed to the 
GFP reporter.
The reduced GFP fluorescence associated with the transcriptional fusion was most 
pronounced in the GFP”S” transcripts from both p4SGS and p4SGS_hpCHS vectors. 
The “S” region in these vectors is 364-nt in length and the “C” region in p4SGC and 
p4SGC_hpCHS is 82-nt. It was hypothesised that the length of the artificial 3' UTRs 
might affect the stability of the transcript. Therefore, the “S” region was further broken 
down to produce two shorter transcriptional fusions, the 5' 136-nt and the 3' 79-nt of 
sequence from within the “S” region. These fragments were prepared in p4SG5'S and 
p4SG3'S respectively. In transient infiltrations, fluorescence of each of the “S” region 
constructs (Fig. 5.4 C,D and E) increased with decreasing size of the transcriptionally 
fused sequence. It seems likely however that there is some sequence specificity to this 
reduction of expression levels, as the p4SGC (Fig. 5.4 B) did not fluoresce quite to the 
same extent as the similarly sized p4SG3'S (Fig. 5.4 E).
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5.3.2. Stable transformants
Primary transformants harbouring the p4SGC (n=1), p4SGS (n=1), p4SGC_hpCHS 
(n=30) and p4SGS_hpCHS (n=37) transgenes in the pap1-D background were selected 
by screening for resistance to kanamycin. The p4SGC_hpCHS and p4SGS_hpCHS lines
were further selected in T2 and T3 generations for high levels of fluorescence (Fig. 5.5; 
A). Chi-squared (χ2 Goodness of Fit) tests were applied to identify lines where 
segregation ratios of approximately 3:1 suggested a single copy insertion. A chosen 
representative line harbouring the p4SGC_hpCHS displayed GFP expression and 
hpCHS mediated silencing in 120 out of 152 T2 plants (χ2 = 1.26; p = not significant). 
A chosen representative p4SGS_hpCHS line displayed GFP expression and hpCHS 
mediated silencing in 127 out of 179 T2 plants (χ2 = 1.57; p = not significant). 
The enhanced GFP expression of vectors harbouring the hpCHS in transient infiltration 
of N. benthamiana was not obvious in stably transformed lines, though this result is 
confounded by the accumulation of anthocyanin in the pap1-D background which 
obscures fluorescence in some tissues (Fig. 5.5; B). The diffuse accumulation of GFP in 
all tissues of seedlings rather than the localised expression previously described from a 
similar promoter sequence (Sawchuk et al., 2008) is likely to be due to the mobility of 
GFP produced from the transgene constructs developed in this study. These constructs 
lack sub-cellular localisation signals to facilitate retention of the expressed protein in 
expressing cells.
Even in the 37 independent primary transformants harbouring the p4SGS_hpCHS and 
progeny of four of these lines that were assessed, no plants displayed levels of 
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fluorescence similar to those observed in p4SGC_hpCHS transformed lines. This 
observation is consistent with results from transient infiltrations and may be explained  
by the detection of siRNAs from the “S” region in a p4SGS_hpCHS line (Fig. 5.6).
5.4. Discussion
Low levels of “S” region siRNAs were found to accumulate in the p4SGS_hpCHS 
reporter line. These may originate from a low rate of transitive siRNA production from 
the endogenous CHS locus. Supporting this hypothesis, siRNAs were detected in lines 
harbouring only the SSU promoter driven hpCHS in the pap1-D background (Chapter 
3). These siRNAs were detected in lines harbouring the p4SGS_hpCHS and not in 
similar lines harbouring the p4SGC_hpCHS, suggesting that these siRNAs were 
amplified from the 3' end of the reporter transgene. Interestingly, and despite the 
presence of siRNAs with homology to the transgene, widespread amplification of the 
silencing response and transitive production of siRNAs into the 5' end of the reporter 
gene construct was not seen. This may have been due to the dominance of 5' to 3' spread
(Braunstein et al., 2002; Vaistij et al., 2002). Alternatively, the plant derived promoter 
and terminator used in this construct may be providing some protection from silencing 
(Dadami et al., 2013).
The potential for improved stability of the GFP”S” reporter gene, designed to detect 5' 
to 3' transitive spread of siRNA production from the endogenous CHS, was investigated 
using shorter fragments from the “S” region. Some enhanced expression was observed 
in transient infiltrations, although the greatest enhancement was from the 3' fragment 
which may be expected to be less sensitive to transitive spread as it is not immediately
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 adjacent to the hpCHS target area. The longer reporter gene target area present in the 
p4SGS_hpCHS line that was selected for further work is also expected to provide more 
sensitive detection. This reporter provides more target sites for transitively produced 
siRNAs and may be more readily cleared by a transitive silencing signal. This line gave 
relatively weak fluorescence but was a viable reporter system when combined with long
exposure photography to distinguish GFP expressing plants.
The p4SGC_hpCHS and p4SGS_hpCHS reporter T-DNAs expressed in the pap1-D 
background were thought to be well suited to detecting transitive 3' to 5' and 5' to 3' 
spread of siRNA production from the endogenous CHS, respectively.  The detectable 
GFP fluorescence in the selected lines was predicted to be reduced further when 
transitivity from the endogenous CHS transcript is enhanced, or alternatively when the 
suggested protection offered to the reporter transgene by endogenous regulatory 
elements is lost. In Chapter 6, these lines were used in a mutagenesis screen to identify 
genes responsible for the protection of endogenous CHS from transitivity of RNA 
silencing.
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6.1. Introduction
Forward genetics involves the identification of a mutant phenotype, typically from 
within a large mutagenised population and subsequent functional characterisation of the 
underlying genetic defect. This strategy provides an entry point to understanding the 
genetic basis for complex and/or poorly described biological processes. Such an 
approach often paves the way to further investigation by reverse-genetic strategies that 
aim to describe the function of the identified gene and its interacting partners.
Various mutagenesis strategies have been employed to generate mutants of interest in 
Arabidopsis. Different mutagenic agents and strategies yield different types of mutation 
and at varying frequencies. A high mutation rate, such as that offered by ethyl methane 
sulfonate (EMS) treatment and fast neutron bombardment, introduces multiple 
mutations in each organism, thus increasing the likelihood of disrupting a gene of 
interest (Weigel, 2002). A key advantage to the single point mutations induced by EMS 
is the generation of partial loss of function mutants that are not commonly associated 
with the frequently kilobase long deletions induced by fast neutron bombardment  
(Bruggemann et al., 1996; Weigel, 2002). Low frequency insertion of T-DNAs and 
transposons, in addition to a bias in the sites of insertion, requires the screening of large 
numbers of mutants to identify relevant mutant phenotypes due to the relatively low rate
of insertion. However, such an approach is advantageous in the ease of mapping 
mutations to the relevant gene (Weigel, 2002).
It is assumed that the protection of endogenous transcripts from transitivity may rely on 
a small number of genes that are likely to play a fundamental role and may therefore 
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affect most of the transcriptional output of the cell. As such these genes may affect 
overall cellular viability. Therefore, the high rate of mutagenesis and potential for 
generation of partial loss of function mutations, makes EMS mutagenesis well suited to 
the investigation of endogene protection from transitivity. 
EMS alkylates nucleotides in random positions across the genome with a strong bias 
(>99%) towards guanine (G) residues. This alkylation converts G to O6-ethylguanine 
which subsequently pairs with thymine (T), and not the canonical base-pairing residue, 
cytosine (C). This stimulates subsequent DNA repair mechanisms that replace the 
original G/C base-pair with an A (adenine)/T pairing (Greene et al., 2003). Typical 
treatments apply EMS at a concentration of 0.2% to Arabidopsis seeds for a period of 
time (typically ~8 hours) that results in a probability of a given G/C pairing being 
mutated of approximately 1.6 × 10−5 (Jander et al., 2003). This mutagenesis rate 
translates into a typical yield of a single mutant for a given locus in a pool of 
approximately 2000 – 5000 M2 Arabidopsis plants (Weigel, 2002).
The detection of mutants in the process of endogene protection from transitivity 
required the development of stable transgenic reporter lines, described in detail in 
Chapter 5. These lines carry an inverted repeat transgene homologous to the “H” part of 
the endogenous CHS cds, the hpCHS, which triggers silencing of this 
transitivity-resistant endogenous target. A GFP reporter gene was included in the same 
T-DNA, transcriptionally fused at its 3' end to sequences with homology to non-target 
CHS coding sequences. These are; the “C” region from the CHS cds 5' of homology to 
the hpCHS present in p4SGC_hpCHS, or the “S” region from the CHS cds 3' of 
homology to the hpCHS present in p4SGS_hpCHS. In transformed lines harbouring 
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either of these reporter T-DNAs, the production of transitive siRNAs from an 
overexpressed CHS endogenous transcript in the pap1-D background were detected by 
visually screening for enhanced silencing of the GFP transgene.
Identifying the causal point mutations from isolated mutant lines traditionally requires 
the complex and time-consuming process of positional cloning by linkage mapping 
(Lukowitz et al., 2000). However, the advent of next-generation sequencing 
technologies coupled with minimal linkage mapping allows for the comparatively rapid 
and direct identification of causative mutations via whole-genome sequencing 
(Blumenstiel et al., 2009; Sarin et al., 2008; Smith et al., 2008; Srivatsan et al., 2008). 
Bulked segregant analysis combines traditional segregation analysis with direct 
sequencing of DNA from a pool of individuals selected for their expression of the 
mutant phenotype in segregating F2 progeny of crosses to a non-mutagenised line. In 
traditional back-crosses to a different accession, single nucleotide polymorphisms 
(SNPs) from this divergent accession are less abundant in a region surrounding the 
causal mutation, described as a SNP desert (Schneeberger et al., 2009). Another strategy
is the characterisation of  “islands” of EMS induced mutations in backcrosses to the 
non-mutagenised parental line, though this strategy is less efficient due to the reduced 
SNP density and is only encouraged where the phenotype will only develop in the 
parental background (Abe et al., 2012; Zuryn et al., 2010). A strategy termed Next 
Generation Mapping (NGM) that was used in this study, incorporates data about 
specific SNP allele frequencies to generate what is termed a discordant chastity statistic 
(Austin et al., 2011). This statistic reflects the frequency of segregation of an individual 
SNP with other SNPs from the parental mutant line, further facilitating the localisation 
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of candidate mutations with reduced pool sizes and sequencing depths (Austin et al., 
2011). Further advancements are still being made in these recent mapping strategies, 
including re-sequencing candidate regions to improve the statistical power to isolate a 
causal SNP (Hartwig et al., 2012). Such strategies will be particularly useful in 
backcrosses to the parental line that rely on EMS induced mutations to track 
segregation.
In the work described in this chapter, mapped mutant alleles were determined by NGM 
to all be positioned in genes with described roles in transcription termination. The 
importance of correct transcription termination has been previously reported for 
inhibition of transgene silencing (Herr et al., 2006; Luo and Chen, 2007). In recent 
research it has also been shown that RNA silencing inducible sequences (RSIS) in rice 
block transcription termination mechanisms producing non-polyadenylated 
read-through transcripts and yielding transitive siRNA from endogenous transcripts 
(Kawakatsu et al., 2012). The results presented in this chapter build strongly on this 
knowledge and provide further insight into the mechanisms that protect endogenous 
transcripts from transitivity of RNA silencing.
6.2. Materials and Method
6.2.1. PCR screening
The reporter system was detected by PCR for the GFP sequence with primers GFP-F 
and GFP-R (Table S9.1). In dcl4-2 mutants the WT DCL4 allele was detected by PCR 
with primers DCL4-8409-F and DCL4-9498-R (Table S9.1), while the mutant dcl4-2 
allele was detected with primers DCL4-8409-F and GABI-8409A (Table S9.1).
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6.2.2. EMS treatment
Approximately 25000 T4 seed (0.5 g) from pools of homozygous T3 plants harbouring 
either the p4SGC_hpCHS or p4SGS_hpCHS in the pap1-D background (Chapter 5) 
were soaked in 20 mL of 0.1M Phosphate buffer (pH 7.5) overnight at 4 ˚C. The buffer 
was tipped off and replenished with the same volume and then 40 μL (final 0.2%) of 
EMS (Sigma) was added. Tubes were sealed and placed in a rotator and incubated at 
room temperature for 8 hours. The solution was tipped off and seeds were washed 
twenty times with 20mL of water each time. Following the final wash, EMS treated 
seeds were transferred to filter paper and allowed to dry.
6.2.3. Cultivation of mutants
EMS treated (M1) seed were sown on soil at a density of 3000 seeds per flat (330 x 285 
mm) and M2 seed were harvested in pools of ~20 M1 plants. Approximately 300 seed 
from each M2 pool was sown into each punnet tray (130 x 80 mm) and young plants 
were screened for loss of detectable GFP fluorescence under UV excitation (Dark 
Reader Hand Lamp HL32T, Clare Chemincal Research) with the assistance of long 
exposure photography (Canon EOS550D, Canon, Australia) through an Orange G filter 
(Orange G HMC filter, HOYA filters, Japan). The screening was repeated three times 
for each of 53 pools from the p4SGC_hpCHS background and 49 pools from 
p4SGS_hpCHS background. A single screen of an additional 99 p4SGC_hpCHS pools 
was performed due to the low rate of detected mutants in this line. Mutants were named 
according to the region transcriptionally fused to GFP in the background from which 
they were isolated (i.e. “C” or “S”), the number of the pool from which they were 
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isolated and a number reflecting the order in which they were isolated. The first mutant 
from each pool was selected as a likely representative of the relevant mutation found in 
that pool, for example the representative and first mutant isolated from the screen of the 
p4SGS_hpCHS line in pool number ten was named, S10-1.
6.2.4. DNA extractions from segregating mutants in F2 pools
Crosses were performed between the isolated M2 mutant plants and the Landsberg 
erecta (Ler) accession for the purpose of mapping the alleles responsible for the loss of 
GFP expression. Segregating F2 progeny of these crosses were selected for the NPTII 
resistance gene found in the reporter system T-DNA by germinating on MS medium 
with kanamycin. Additional plants were selected for resistance to kanamycin on soil for 
lines S27-1 and S39-1 as insufficient plants were obtained from the initial screen on MS
medium. Plants were screened for loss of GFP expression under a stereo fluorescence 
microscope with FITC and heGFP filter sets (SteREO Lumar.V12, Zeiss, Germany).
DNA was extracted from an approximately equal amount of tissue from each plant (a 
young rosette leaf or equivalent volume of young leaf tissue, ~2 mg) in pools of at least 
60 plants using the DNeasy kit (QIAGEN) per manufacturer's instructions with some 
modifications. Briefly, tissue was harvested and immediately homogenised in liquid 
nitrogen using a mortar and pestle and split evenly between two tubes. To each tube was
added 400 μL of buffer AP1 (QIAGEN) with RNAse A (1 g/L, QIAGEN). 
Manufacturer's instructions were followed subsequently, eluting into 100  μL of buffer 
AE (QIAGEN). Eluates were combined into a single tube and DNA was precipitated by 
addition of sodium acetate (final 0.3 M) and ethanol (final 66%) and centrifugation for 
112
Mutant screen for transitivity of endogene silencing
15 minutes at 20k RCF. The pellets were washed twice with 70% ethanol and 
resuspended in 20 μL of TE buffer. DNA was quantified by spectrophotometry and the 
integrity confirmed by 0.8% agarose gel electrophoresis, each with 1 μL of the 
resuspended DNA. The remaining DNA was sent to the AGRF for paired end 100 bp 
sequencing on a Hi-Seq instrument (Illumina).
Each pool of DNA contained greater than 100 representatives. Pools from screens on 
MS media produced 120, 127, 80, 60, 133 and 115 individuals from segregating 
progeny of crosses between Ler and S10-1, S20-1, S27-1, S39-1, S40-1 and S41-1 
respectively. An additional 60 and 95 plants from a screen on soil of progeny from 
crosses with lines S27-1 and S39-1 brought the total number of individuals in these 
pools to 140 and 155 respectively. Where DNA was extracted in separate pools, as in 
S27-1 and S39-1, pools were mixed in a ratio that maintained equal representation of 
individuals.
6.2.5. NGM mapping
Adapter sequences were removed using the ILLUMINACLIP function in Trimmomatic 
(Lohse et al., 2012) with recommended parameters plus a minimum length of reads to 
be kept (MINLEN) of 50 bp and a minimum quality to retain trailing sequence 
(TRAILING) of 20.
An index was prepared from the TAIR9 genome using the Burrows-Wheeler Aligner's 
Smith-Waterman Alignment in the Burrows-Wheeler Aligner (BWA) (Li and Durbin, 
2010). This index was used to prepare suffix array coordinates in BWA for the forward 
and reverse paired read data extracted from Trimmomatic. An alignment of reads into 
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sam format was then performed using these coordinates and the established index in 
BWA. The alignment was converted to bam format, sorted and indexed within Samtools
(Li et al., 2009). The pileup function in Samtools (version 0.1.16) was used to create a 
description of the SNPs in the data. These data were converted to emap format for 
uploading to the NGM tools server using the SAM2NGM.pl script obtained from the 
NGM website  (http://bar.utoronto.ca/ngm/) (Austin et al., 2011).
SNPs found in all six mapping pools were discarded due to their likelihood of being 
derived from the parental background. Transversion mutations are similarly unlikely to 
be EMS induced and so were not considered. A discordant chastity cutoff of 0.85 was 
used and mutations outside of coding sequences or resulting in synonymous 
substitutions were not considered unless noted. Transversion mutations were considered
when the discordant chastity value was lowered due to the NGM tools' inability to 
process ambiguity codes as described in the NGM tools website 
(http://bar.utoronto.ca/ngm/FAQ.html).
6.2.6. Artificial miRNAs
Artificial miRNAs were generated in both 21-nt and 22-nt forms targeting two sites 
within one of the genes isolated from the mutant screen, PCF11P-SIMILAR PROTEIN 4
(PCFS4, AT4G04885) using the pBLUEGREEN system (Eamens et al., 2009) which 
includes the miR159b stem-loop sequence driven by the 35S promoter. A single reverse 
primer for each target site (PCFS4-exon1_amiR-R and PCFS4-exon4_amiR-R) was 
designed containing the desired miRNA sequence and complementary forward primers 
were designed for the 21-nt form (PCFS4-exon1_amiR-F and PCFS4-exon4_amiR-F, 
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(Table S9.1)). A single nucleotide was removed from the forward primer to generate the 
22-nt form (PCFS4-exon1_amiR22-F and PCFS4-exon4_amiR22-F), as described in 
Chapter 3. The amiRNA expression cassette was then transferred to pORE04 between 
NotI and PstI restriction sites.
6.3. Results
6.3.1. Mutant identification
6.3.1.1. p4SGC_hpCHS
Four plants lacking GFP fluorescence were identified in a screen of 152 M2 plant pools 
from the mutagenised p4SGC_hpCHS background. These were confirmed by PCR to 
carry the GFP transgene. F1 and F2 progeny of crosses to  Ler for each of these mutant 
lines all lacked GFP fluorescence, suggesting they harboured mutations in the reporter 
system GFP transgene. Therefore, the mutants resulting from this screen were not 
further assessed.
6.3.1.2. p4SGS_hpCHS
Six of 49 screened M2 pools of the p4SGS_hpCHS background returned plants with 
reduced GFP fluorescence (Fig. 6.1; A). These were confirmed to carry the reporter 
system by GFP-specific PCR. Three plants from pool S10, two from pool S20, and a 
single plant each from pools S40 and S41 displayed loss of GFP fluorescence with no 
other readily observable phenotypic abnormalities (Fig. 6.1; B).
Three mutant lines were identified from M2 pool S27 that displayed a leaf serration and 
anthocyanin accumulation (young leaves, petioles and some seed coats) phenotype, in 
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addition to reduced GFP fluorescence (Fig. 6.1; B). These plants also displayed reduced 
male fertility and were recovered with WT pollen from the non-mutagenised 
p4SGS_hpCHS parental line to maintain the line and from Ler plants for mapping 
purposes.
A single plant was identified from pool S39 that displayed reduced GFP fluorescence 
when more than 5 leaves were expanded. This plant line developed normally until the 
reproductive phase. The first silique was fertile but no subsequent siliques produced 
seed from self-fertilisation and the plant senesced early so few seed were recovered. 
However, S39-1 pollen was fertile and was successfully used in crosses to Ler. Stigma 
(or female) fertility was also demonstrated in crosses with Ler pollen which produced 
some seed. Given the context of this screen, self-incompatibility may be triggered by 
defects in tasiRNA generation or the TGS machinery (Strickler et al., 2013; 
Tantikanjana et al., 2009).
6.3.2. Mutant characterisation
Selfed progeny of lines S10-1, S20-1, S40-1 and S41-1 retained the phenotype of 
reduced GFP fluorescence. Selfed progeny of S39-1 displayed loss of fluorescence 
though this response was delayed, as seen in the parent. The few selfed seed recovered 
from plants S27-1, S27-2 and S27-3 produced plants that displayed GFP fluorescence at
germination, though most failed to develop beyond the seedling stage. Plants that 
survived and progressed through development were progeny of the M2 plant S27-3, and
their progeny, M4 plants, also fluoresced to the level seen in the non-mutagensied 
reporter line.
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F1 progeny of all lines crossed to Ler and assessed at the seedling stage fluoresced to 
the level seen in the non-mutagenised parental line. Line S39-1 was further assessed 
later in development and was confirmed to display GFP fluorescence to similar levels 
seen in the non-mutagenised parental line. These results suggest that the isolated 
mutations are likely recessive alleles with a trans effect responsible for a loss of GFP 
expression. A possible exception to this is the mutant allele found in pool S27 as selfed 
progeny of S27-3 recovered GFP expression.
F2 progeny of crosses to Ler were selected for kanamycin resistance on MS medium to 
ensure they harboured the reporter system. F2 plants approximately 3 weeks 
post-germination were used for molecular analyses by northern blotting and for pooled 
DNA extraction for mapping. This late developmental time point allowed the repeated 
screening of pools to identify plants with loss of GFP expression and assisted in the 
removal of false positives from each pool. This delay was particularly required for line 
S39-1 due to the delayed silencing phenotype. Northern blot analyses demonstrated 
enhanced accumulation of siRNAs corresponding to the “S” region, and the GFP 
sequence, for lines S10-1, S20-1, S39-1, S40-1 and S41-1 (Fig. 6.2). The presence of 
the pap1-D allele was not assessed, though pooling of five individuals in each sample 
should mean these blots reflect accumulation in the presence of the dominant pap1-D.
6.3.3. Mapping the causative mutations
NGM mapping was performed for each of the identified mutant lines. DNA was 
extracted from pooled F2 individuals of crosses to Ler that demonstrated both 
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kanamycin resistance indicative of the p4SGS_hpCHS reporter and loss of GFP 
expression reflecting the enhanced silencing phenotypes. Strong SNP deserts were 
identified for each of the lines and short lists of candidate mutations allowed the 
relevant genes to be identified in each case (Fig. 6.3).
6.3.3.1. PCFS4 (lines S10-1, S20-1 and S41-1)
SNP deserts were identified on the short arm of chromosome 4 for lines S10-1, S20-1 
and S41-1 (Fig. 6.3). 
In line S10-1, the only SNP reported in this region under default filters in NGM tools 
was a C to T transition at chromosome position 2474038 sequenced to a depth of 
42-fold and presenting a discordant chastity value of 1.00. This SNP results in the 
conversion of a glutamine residue (CAA) into a premature stop codon (TAA) in 
PCF11P-SIMILAR PROTEIN 4 (PCFS4, AT4G04885), a gene with a described role in 
transcription termination.
In line S20-1, two mutations, both C to T transitions with discordant chastity values of 
1.00 were identified in the same chromosomal region. The mutation with the greatest 
depth (31-fold coverage) was at chromosome position 2125109 and resulted in a 
predicted codon change in locus AT4G04340 from GCG (alanine) to GTG (valine). The
second mutation, with a 21-fold coverage, occurred at chromosome position 2472164, 
and resulted in the conversion of glutamine (CAG) to a stop codon (TAG) in PCFS4.
In line S41-1, no SNPs were reported from this region by NGM with default filters. 
When synonymous substitutions were included a G to A transition was identified, 
sequenced to a depth of 39-fold and with a discordant chastity value of 0.95 in the last 
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nucleotide of exon 1 of PCFS4. Due to the position of this mutation at the splice 
junction, it is expected to result in impaired splice junction formation.
6.3.3.1.1. Allelism testing
Homozygous mutants harbouring the p4SGS_hpCHS reporter system were selected 
from the F2 progeny of crosses to Ler and further used in genetic crosses to establish 
allelism of the mutations in lines S10-1, S20-1 and S41-1. The progeny of these crosses 
were again selected on kanamycin to ensure the presence of the p4SGS_hpCHS. As 
expected, each of the selfed mutant plants produced all GFP silenced progeny which can
be seen by comparison to the selfed p4SGS_hpCHS parental line (Fig. 6.4). Progeny of 
each of the crosses between the p4SGS_hpCHS parental line and the mutant lines 
displayed fluorescence to the same level as the selfed p4SGS_hpCHS parental line, 
while crosses between each mutant line all displayed the silenced phenotype. This result
further validated NGM mapping that indicated mutant lines S10-1, S20-1 and S41-1 all 
carry mutant alleles of the same gene, PCFS4, and that these mutations were 
responsible for the GFP silencing phenotype.
6.3.3.1.2. Artificial miRNAs targeting PCFS4 for RNA silencing
In order to rapidly assess the importance of PCFS4 in protection of the endogenous 
CHS locus from RNA silencing and to distinguish this silencing from any dependence 
on the GFP”S” reporter transgene, a number of amiRNAs were generated to target 
PCFS4. T1 plants harbouring both 21-nt and 22-nt amiRNAs targeting PCFS4 at two 
target sites (positioned in exon 1 and exon 4) were prepared in Col-0 and pap1-D 
backgrounds, in addition to the pap1-D background harbouring the SSU_hpCHS 
previously developed as a reporter of systemic endogene silencing (Chapters 3 and 4). 
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Plants were selected by screening for resistance to kanamycin and although on 
subsequent inspection some T1 plants appeared to accumulate slightly less anthocyanin 
in the seed coat, this effect was not readily apparent. Furthermore, these primary 
amiRNA transformant lines did not display a significant change in anthocyanin 
accumulation in any other tissues as compared to their respective parental backgrounds. 
The effect of amiRNA-mediated knockdown is not absolute and a low level of 
accumulation of PCFS4 may be sufficient to offer protection to the endogenous CHS. 
T2 progeny were further assessed from both the pap1-D background and the pap1-D 
background harbouring the SSU_hpCHS with the expectation that homozygosity of the 
amiRNA locus may improve knockdown and result in a change in anthocyanin 
accumulation. Five lines carrying each of the two amiRNA constructs in both pap1-D 
and pap1-D + SSU_hpCHS backgrounds were assessed. One or two lines from each 
group of five displayed significant loss of anthocyanin accumulation (Fig. 6.5). 
Segregation analysis of these lines indicated likely multiple copy insertions. Multiple 
copies may have been necessary to drive high expression of the amiRNA and obtain 
sufficient PCFS4 knock-down for expression of a CHS silenced phenotype. An 
alternative explanation is that 35S promoter driven amiRNA expression is affecting the 
pap1-D locus, which also contains many copies of the 35S promoter. The mechanism 
for such a disruption by the promoter sequences is not apparent as these sequences are 
positioned well downstream of the PAP1 coding sequences
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6.3.3.2. CstF64 (line S40-1)
In line S40-1, a SNP desert containing seven candidate mutations was identified on the 
long arm of chromosome 1 (Table 6.1). Chastity belt partitioning (k = 7, kernel = 1) 
refined the area to a single peak surrounding a mutation at position 26999744 (Austin et
al., 2011). This G to A transition was sequenced to a depth of 37-fold with a discordant 
chastity value of 0.97. The mutation is predicted to activate a cryptic splice site in 
CstF64 (AT1G71800). CstF64 is also involved in transcription termination making it a 
likely candidate for the causative mutation (Yao et al., 2002).
6.3.3.3. CPSF73-I (line S27-1)
In line S27-1, a SNP desert was identified on the long arm of chromosome 1 though no 
candidate mutations were found until the chastity value cutoff was lowered to 0.79. At 
this chastity cutoff, a single nucleotide transition (A to G) at position 16522796 
sequenced to a depth of 77-fold, was identified. This A to G transition is unlikely to be 
EMS generated and was present in five of the six sequenced F2 pools. Additionally, this
mutation is predicted to activate a cryptic splice site in a transposon of the gypsy like 
retrotransposon family. These factors indicate this particular mutation is not likely to be 
responsible for the loss of GFP expression.
Further lowering the cutoff to 0.63 identified a G to A transition at position 22477575 
sequenced to a depth of 35-fold. On the alternate strand this mutation is reflected as a C 
to T transition resulting in substitution of alanine (GCC) to valine (GTC) in CPSF73-I 
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Table 6.1. Mutations identified in the long arm of chromosome 1 in line S40-1
All mutations were G to A transitions with a chastity value greater than 0.95 and were 
sequenced to a depth of greater than 30-fold. Columns from left to right are; Position, 
position of the SNP relative to the TAIR9 genome; Accession, TAIR9 accession for the 
relevant transcript; Description, position of the mutation relevant to the gene; AA 
change, predicted amino-acid change where the SNP is located in a coding sequence.
Position Accession Description AA change
25806390 AT1G68720.1 CDS G->D
26507271 AT1G70350.1 3'UTR
26669629 AT1G70730.1 CDS L->F
26999744 AT1G71800.1 cryptic splice site (1bp)
28419038 AT1G75680.1 CDS A->V
28606494 AT1G76250.1 3'UTR
29388807 AT1G78100.1 CDS V->M
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(AT1G61010), a homologue of the endonuclease that performs transcriptional cleavage 
in humans (Mandel et al., 2006). 
The low chastity value of this SNP may reflect dominance of the allele that had not been
detected in F1 progeny, possibly due to late onset of the enhanced silencing phenotype 
in heterozygotes. Such a late onset phenotype may have been selected in plants chosen 
for the mapping pool as these were selected at a later developmental stage. The 
predicted chastity in an all homozygous pool is 1.00, while the theoretical chastity of a 
dominant, non-lethal mutation would approximate 0.66. This estimation is derived from 
expected allele frequencies in a sequenced population assuming random assortment, 
where ~1/3 of the sequenced individuals are homozygous for the mutant allele while 
heterozygotes provide the remaining 2/3 of the sequenced alleles (1/3+ (2/3 * 0.5) = 2/3 
or ~0.66).
6.3.3.4. DCL4 (line S39-1) 
In line S39-1, a SNP desert was identified on the short arm of chromosome 5 containing
two candidate C to T transitions reflected on the alternate strand as G to A transitions. 
The first is at position 4531212 sequenced to a depth of 51-fold and with a discordant 
chastity of 0.94. This mutation results in a codon change of GGC (glycine) to AGC 
(serine) in AT5G14040, a mitochondrial phosphate transporter. The second mutation is a
transition mutation at position 6861288, sequenced to a depth of 34 and with a 
discordant chastity value of 1.00. This mutation results in a codon change of GGG 
(glycine) to GAG (glutamic acid) in DCL4 (AT5G20320). DCL4 has a recently 
described role in co-transcriptional cleavage, related closely to the role of the cleavage 
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and polyadenylation complex that includes the other identified components, PCFS4, 
CstF64 and CPSF73-I (Liu et al., 2012).
6.3.3.4.1. dcl4-2
To isolate the relevant mutations from the reporter system, F3 progeny of the crosses 
between each mutant line and the Ler background were selected for the accumulation of
anthocyanin to WT Col-0 or pap1-D levels. Among these individuals from line S39-1, a 
number of plants were identified initially as having pap1-D levels of anthocyanin and 
subsequently developed patchy CHS silenced phenotypes (Fig 6.6; “F3 ex S39-1 X 
Ler”). These plants were confirmed by PCR to lack the reporter system and to carry the 
pap1-D allele. Given the context of the mutant screen, this observation suggested the 
possibility of CHS transcript instability in the over-expressing pap1-D background. This
result may have been precipitated by the presence of the hpCHS transgene in previous 
generations and so the observation was assessed with independent crosses between 
another dcl4 mutant allele, dcl4-2, and the pap1-D line.
Eight F2 progeny of each of three F1 plants were screened by PCR for the dcl4-2 allele. 
Among these 24 plants, six (three progeny each from two of the selected F1 plants) 
were homozygous for the dcl4-2 allele and carried the pap1-D allele in either a 
homozygous or hemizygous state. These plants all displayed significantly less 
anthocyanin accumulation than pap1-D controls and more closely resembled the dcl4-2 
parental line (Fig. 6.6).
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6.4. Discussion
6.4.1. Protection from 3' to 5' transitive spread
No relevant mutants were identified in the p4SGC_hpCHS background despite 
screening sufficient mutant plants to identify four GFP null alleles. This suggests that 
there are either redundant systems offering protection or relevant mutations have a 
lethal phenotype. Suggestions that protection is offered by the active ribosome (Aregger
et al., 2012) support the hypothesis of redundant systems given the extensive functional 
redundancy that is thought to occur among the ribosomal proteins (Barakat et al., 2001; 
Chang et al., 2005). However both hypotheses are considered likely given recent 
evidence for a role of diverse RNA quality control mechanisms in the protection of 
transgene targets from PTGS (Moreno et al., 2013). Many of the mutants in these 
pathways are reported to demonstrate either lethality or functional redundancy (Moreno 
et al., 2013).
6.4.2. Protection from 5' to 3' transitive spread
6.4.2.1. Discriminating between enhanced transitivity in endogene 
silencing and reporter gene PTGS
Six mutant lines that mapped to four genes with described roles in transcription 
termination were identified in the screen of the p4SGS_hpCHS background. These 
mutants all display reduced fluorescence from the GFP”S” reporter gene which is 
correlated with enhanced siRNA accumulation in at least five of the six lines. The 
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detection of “S” region siRNAs to a low level in the reporter system background 
indicates a low level of reporter gene silencing is taking place in the non-mutagenised 
p4SGS_hpCHS line. Therefore, although the enhanced accumulation of “S” region 
siRNAs in the isolated mutant lines may be due to enhanced transitive production from 
the endogenous CHS locus, the possibility that enhanced GFP”S” transgene PTGS is 
occurring cannot be excluded. The discrimination of these processes requires dissection 
of the mechanism in mutant backgrounds that lack the GFP”S” transgene.
Loss of anthocyanin accumulation in the pap1-D background additionally harbouring 
either amiRNA transgenes to direct silencing of PCFS4 or the dcl4-2 allele indicates a 
likely requirement for these gene products in protecting CHS from PTGS. The well 
characterised networks that involve CstF64 and CPSF73-I in complexes closely coupled
with PCFS4 then implicate these factors in a similar role (Fig. 6.7) (Hunt et al., 2008; 
Zhao et al., 2009).  These preliminary results require further investigation, but they have
been included due to their significance in an interpretation of the other experimental 
work outlined in this chapter.
6.4.2.2. The importance and diversity of transcriptional termination 
complexes
Members of the Arabidopsis mRNA polyadenylation machinery, identified by 
homology to their mammalian and yeast counterparts, have been extensively tested for 
interactions in yeast two hybrid assays and inspected for associations by tandem affinity
purifications from plant cell cultures (Hunt et al., 2008; Zhao et al., 2009). These 
experiments have highlighted the diversification of polyadenylation complexes in plants
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and their differential expression across tissues and developmental stages with evidence 
for multiple complexes emerging.
The esp mutants that display enhanced viral vector-mediated RNA silencing of an 
endogenous target also implicate transcriptional termination in avoidance of RNA 
silencing (Herr et al., 2006). One such mutant, esp5 carries a mutation in CPSF100, a 
protein thought to act at the centre of one of many proposed hubs of the CPSF complex 
in Arabidopsis (Fig. 6.7) (Herr et al., 2006; Hunt et al., 2008). In light of the results 
presented in this chapter, such a candidate would be expected to be relevant to the 
protection of endogenous sequences from transitivity and may demonstrate enhanced 
silencing of CHS transcript upon examination. However, no overlap was found between 
mutants identified in this screen and those identified in the esp screen, or in their 
subsequent protein pull-down experiments. It is therefore likely that an alternate 
polyadenylation complex with relevance at least to the CHS locus, and probably to other
Pol II transcribed regions, has been identified. In further support of this, a close 
homologue of CstF64-Like/ESP1 was isolated in this screen, the canonical CstF64 that 
is likely to take the place of CstF64-Like in such an alternate complex.
In human cells, efficient Pol II dissociation is also shown to increase the efficiency of 
splicing and other post-transcriptional modifications of pre-mRNAs (West and 
Proudfoot, 2009). The importance of capping and splicing in protecting transcripts from 
RDR6 activity has already been discussed, though it should be reiterated here given the 
tightly coupled nature of transcriptional processes including splicing and 
polyadenylation (Christie et al., 2011, 2011; Rigo and Martinson, 2007).
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6.4.3. PCFS4
In Arabidopsis, PCFS4 is the closest homologue of yeast and human Pcf11 and is 
suggested to function in most of the Pcf11 roles as the other two homologues (PCFS1 
and PCFS5) display limited expression (Hunt et al., 2008). In vitro assays have 
demonstrated that yeast and Drosophila Pcf11 is responsible for bridging the CTD of 
paused Pol II elongation complexes to the nascent RNA, promoting Pol II dissociation 
(Zhang and Gilmour, 2006; Zhang et al., 2005). Pcf11 is recruited to the 3' end of 
transcripts along with Rat1/Xrn2 (yeast/human) and both are required for efficient 
transcription termination and degradation of the 3' product of poly-A site cleavage (Luo 
et al., 2006; West and Proudfoot, 2007). Arabidopsis has three Rat1/Xrn2 homologues, 
the XRN family of exoriboncleases with established suppressor of PTGS activity 
(Gazzani et al., 2004; Gy et al., 2007).
The Arabidopsis PCFS4 interacts directly with Clp1p-similar-3 (CLPS3) which is 
required for embryo development (Fig. 6.7) (Xing et al., 2008a). CLPS3 is a homologue
of yeast Clp1 which is responsible for recruiting the Cleavage and Polyadenylation 
Factor (CPF) to the transcriptional termination complex (Ghazy et al., 2011). The CPF, 
or in humans the analogous CPSF (Cleavage and Polyadenylation Specificity Factor) is 
responsible for recognition of the AAUAAA sequence found upstream of the poly-A site
(Zhao et al., 1999). 
The interaction between PCFS4 and CLPS3 is suggested to promote alternative 
polyadenylation of FCA as mutants yield less of the truncated FCA transcript (Xing et 
al., 2008a, 2008b). This truncated product is demonstrated to be vulnerable to RDR6 
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dependent PTGS (Herr et al., 2006), suggesting loss of PCFS4 may enhance this 
vulnerability and reduce its abundance rather than promoting use of the downstream 
alternative polyadenylation site. In yeast, Pcf11 also interacts with PtaI which is a 
homologue of Arabidopsis ESP4. PtaI has been demonstrated to inhibit PTGS of 
transgenes and contribute to the protection of the truncated FCA transcript from 
silencing (Ghazy et al., 2009; Herr et al., 2006). These interactions suggest PCFS4 is 
required for interactions that bridge multiple components of the transcription 
termination complex and prevent PTGS of the truncated FCA.
Pcf11 recruits mRNA export factor Yral/Aly (yeast/human) which is passed on to 
Sub2/UAP56 to engage in the 5' end associated mRNA export TREX complex (Johnson
et al., 2009; Peña et al., 2012). In N. benthamiana, Aly export factor homologues are 
shown to interact with a VSR protein, Tomato Bushy Stunt Virus (TBSV) P19, further 
suggesting a role for these proteins in silencing pathways (Canto et al., 2006). PCFS4 
may be required to recruit mRNA export factors that would recognise endogenous 
transcripts by their 5' ends and prevent their entry into the RDR6/SGS3 associated 
silencing pathways. This hypothesis finds some support in the localisation of PCFS4 to 
both the nucleus and the cytoplasm (Xing et al., 2008b). Interestingly, TREX in 
Arabidopsis has been suggested to recruit transcripts to inverted repeat transgene and 
tasiRNA silencing pathways, suggesting complex target selection in this process that 
may require the proper functioning of PCFS4 (Jauvion et al., 2010; Yelina et al., 2010). 
In Arabidopsis, Aly homologues (DIP1 and DIP2) also interact with Poly (ADP-ribose) 
polymerase (PARP) family proteins (Storozhenko, 2001). PARPs  are required for the 
induction of stress response pathways, including CHS transcription, though this 
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response can be recovered by transgenic expression of the PAP1 transcription factor 
(Martinez-Zamudio and Ha, 2012; Schulz et al., 2012). In mammalian systems, PARP1 
activity opens up heterochromatin through histone modifications and affects the DNA 
methylation status, although plant homologues of the factors required for this 
mechanism have not been identified and are suggested to be absent (Guastafierro et al., 
2008; Martinez-Zamudio and Ha, 2012). These results suggest that PCFS4, through 
interactions with DIP1 and DIP2, may contribute to the recruitment of machinery 
required for histone modification.
Tiling microarrays with an Arabidopsis pcfs4 mutant identified many differentially 
processed and expressed genes and suggested a more general involvement in alternative 
polyadenylation and splicing as well as transcription initiation (Zheng et al., 2011). The 
expression and processing of CHS did not vary to a detectable level in the pcfs4 mutant 
background, presumably due to the low expression level in the assayed tissues as 
evidenced by probe intensities similar to those published for FCA, which was also not 
detected in their screen (Fig. S8.1). Similar experiments in the pap1-D background 
would be expected to display aberrant transcriptional termination from the CHS locus. 
However, more direct methods are available to assess read-through transcription from 
this locus and novel strategies capitalising on next-generation sequencing promise 
greater definition, particularly in assessments of transcripts with lower abundances, in 
genome wide transciptional termination profiling (Hoque et al., 2013; Meyers et al., 
2004; Shen et al., 2011; Sherstnev et al., 2012).
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6.4.4. CstF64
CstF64 forms a component of the Cleavage Stimulation Factor (CstF) complex that 
displays a highly conserved function across eukaryotes (Yao et al., 2002). In yeast and 
humans, CstF64 is responsible for binding of the CstF complex to the downstream 
element (DSE), an interaction stabilised by further interactions between another CstF 
member, CstF-77 and the AAUAAA binding CPSF (Fig. 6.7)  (Takagaki and Manley, 
1997; Zhao et al., 1999). The AAUAAA element is largely conserved as an A rich, near 
upstream element (NUE) in plants despite some variation, although the DSE is absent 
and is suggested to be replaced by far upstream elements (FUEs) with similar sequence 
composition (Li and Hunt, 1997).
In human cells, interactions between CstF64 and CstF-77 through the CstF64 hinge 
domain allow import of this complex into the nucleus (Hockert et al., 2010). A CstF64 
homologue, ESP1/CstF64-like lacks the RNA recognition motif found in CstF64 though
is still thought to function in the CstF complex through its remaining domains, 
including the hinge which is thought to direct interactions with ESP4 (Herr et al., 2006; 
Takagaki and Manley, 1998). ESP1/CstF64-like has recently been shown to affect 
sucrose responses in plants, such as that exhibited by CHS, further suggesting regulatory
roles for transcriptional termination complexes in plants and cautioning the 
interpretation of mRNA and protein accumulation results in future experiments with the 
CHS reporter (Funck et al., 2012).
6.4.5. CPSF73-I
CLEAVAGE AND POLYADENYLATION SPECIFICITY FACTOR 73-I (CPSF73-I) is
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a homologue of human CPSF73 and yeast Ysh1p, the endonuclease responsible for 
mRNA 3' cleavage in these systems (Mandel et al., 2006; Xu et al., 2006). A part of the 
CPSF complex, it interacts with ESP5/CPSF100 (Fig. 6.7) (Herr et al., 2006; Xu et al., 
2006; Zhao et al., 2009).
Reported mutants and overexpressors of CPSF73-I are lethal, and even the relatively 
small change in expression mediated by an additional copy expressed under the control 
of its endogenous promoter causes male sterility due to delayed anther dehiscence (Xu 
et al., 2006). Reduced male fertility was observed in the three mutant plants identified in
pool S27 and dosage dependence may be reflected in an apparent late onset of a 
dominant silencing phenotype. This dominant effect leading to a late onset of enhanced 
silencing is suggested by the low chastity of the detected allele in the S27-1 mapping 
pool and the loss of the mutant phenotype in selfed progeny of line S27-3. The 
published crystal structure of human CPSF73 places the amino-acid change (alanine to 
valine) in S27-1 between two beta-sheets close to the catalytic core that normally 
harbours two zinc ions and a sulfate (Mandel et al., 2006). The likely reduction in 
efficiency of CPSF73-I activity in line S27-1, rather than a complete loss function, may 
make this allele particularly useful to other researchers wishing to investigate its role. 
This line is being maintained and isolated from other EMS mutations generated in the 
same background through a series of back-crosses for submission to the ABRC.
The serration of leaf margins observed in line S27-1 is commonly associated with 
mutations in SE and ABH1. This may reflect the relationship between these partners 
and the many processes surrounding Pol II transcription, this time in termination of 
transcription, though the underlying mechanism responsible for this phenotype is 
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complex (Bilsborough et al., 2011). 
The reduced hpCHS transgene-mediated silencing in lines from pool S27 likely reflect 
TGS of the hairpin transgene which may accumulate due to a particularly strong TGS 
response in these mutants. The reduced accumulation of siRNAs in the F2 progeny 
selected from the cross between S27-1 and Ler reflect reduced silencing and further 
suggest reduced transcription of the hpRNA, although reduced DCL activity cannot be 
excluded.
The successful mapping of this allele from a segregating F2 mapping pool, despite its 
apparent dominant effect, is unexpected. NGM tools documentation suggests that the 
accurate mapping of dominant mutations would require propagation of a large number 
of F2 plants through to the F3 generation to isolate homozygous individuals. The 
observation of a chastity statistic for the CPSF73-I allele (0.63) that approaches the 
predicted value for a dominant allele (0.66) in DNA extracted from the F2 pool suggests
that such an approach may be successful for other researchers.
6.4.6. DCL4
Until recently the role of DCL4 in Arabidopsis was defined solely by its processing of 
perfectly complementary dsRNAs formed by self complementary foldback structures, 
replicating viruses or through the action of RDR6, into 21-nt siRNAs (Bouché et al., 
2006; Deleris et al., 2006; Dunoyer et al., 2005; Fusaro et al., 2006; Xie et al., 2005b; 
Yoshikawa et al., 2005). Reflecting the role of DCL4 in processing self complementary 
foldback structures, mutant line S39-1 displays reduced accumulation of 21-nt siRNAs 
from the hpCHS and accumulates mostly 22-nt siRNAs through DCL2 activity (Fig. 
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6.2) (Fusaro et al., 2006).  
Delayed GFP silencing in this line is thought to be due to the primary role of DCL4 in 
processing the products of RDR6 activity, with a reliance on DCL2 and DCL3 to 
generate the silencing signal (Mlotshwa et al., 2008). Enhanced DCL2 activity in dcl4 
mutants has been previously associated with enhanced accumulation of transitive 
siRNAs in hpRNA-mediated silencing of a GUS transgene (Mlotshwa et al., 2008). The 
enhanced transitivity reported in these dcl4 mutant plants was not assessed in the 3' to 5'
direction in hpRNA-directed silencing, though no enhanced spread in this direction was 
seen in sense transgene mediated PTGS. These results support the hypothesis that the 
dcl4 mutant isolated in this screen supports enhanced transitive production of siRNAs 
from the endogenous CHS rather than displaying enhanced 3' to 5' transitivity on the 
reporter transgene.
Recent work suggests a role for DCL4 in directing co-transcriptional cleavage of Pol II 
read-through transcription products from the FCA locus (Liu et al., 2012). This 
read-through was responsible for the enhanced silencing of endogenous FCA, evidenced
by the enhanced accumulation of FCA siRNAs in dcl4 mutants, and reduced FCA 
silencing in lines additionally harbouring a T-DNA that blocks transcriptional 
read-through of the endogenous FCA locus. Read-through was identified on both an 
FCA transgene and the endogenous FCA locus but not from a control FLC locus. 
Chromatin immunoprecipitation (ChIP) analysis identified an accumulation of DCL4 on
the chromatin downstream of FCA transcription in WT plants, corresponding to the 
extent of read-through transcription in dcl4 mutants. This accumulation was limited to 
the FCA downstream region and was not seen in the gene body, or in the other assessed 
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genomic regions, surrounding FLC and ACTIN loci. The FCA locus had previously 
been demonstrated to be vulnerable to RNA silencing in esp mutants (Herr et al., 2006).
The results presented here strongly indicate a functional role for DCL4 in protecting 
transcripts other than FCA from silencing, specifically the upregulated endogenous 
CHS transcript in the pap1-D background.
6.4.7. Further experiments
The results presented in this chapter demonstrate enhanced silencing phenotypes  of 
mutants deficient in PCFS4, DCL4, CstF64 and CPSF73-I activity in the background of 
the reporter system developed for this study. This background includes pap1-D 
mediated up-regulation of the CHS locus and expression from the T-DNA including the 
hpCHS and GFP”S” reporter. To determine whether the observed enhanced silencing is 
specific to either the CHS locus, the GFP”S” transgene, or both, the mutations need to 
be separated from elements of the reporter system background. Such experiments have 
been conducted using amiRNA-directed RNA silencing of PCFS4 and by the inclusion 
of the dcl4-2 allele, both in the pap1-D background. This work will be expanded with 
T-DNA insertion mutants for PCFS4, CstF64, CPFS73-I and with those of functional 
interactors such as ESP5/CPSF100.
The presence of the pap1-D allele will be assessed in segregating F2 progeny that 
display the enhanced silencing phenotype. The association between the presence of this 
allele and the mutant phenotype would contribute to an understanding of the mechanism
for the enhanced silencing in these mutants. Particularly, a requirement for this allele 
would suggest that enhanced silencing is due to an increased vulnerability of the 
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endogenous, highly expressed CHS locus.
Read-through transcription associated with PTGS the FCA locus in esp and dcl4 
mutants (Herr et al., 2006; Liu et al., 2012) is also expected in the mutant lines isolated 
here. This will be characterised from the FCA locus, but also the CHS locus and other 
genes upregulated in the pap1-D background. A genome wide assessment of 
read-through transcription may also be performed by direct sequencing of the transcripts
in these and related mutant lines (as outlined in Sherstnev et al., 2012).
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7.1. Research and results
In Chapter 3, the localised expression of a hpRNA that directs silencing of the 
endogenous CHS (SSU_hpCHS) in Arabidopsis demonstrated an absence of systemic 
spread of silencing for this target. This result was consistent in the pap1-D background 
which displays significant upregulation of CHS transcription. Similarly expressed 
amiRNA constructs (SSU_amiR21-CHS and SSU_amiR21-CHS) targeted to CHS were 
seen to display a stronger localised silencing response. In addition, 22-nt amiRNA- 
directed (SSU_amiR22-CHS) tasiRNA production was seen to mediate a more 
widespread silencing response from the endogenous target in most plant lines. This 
result is consistent with reports on the mobility of tasiRNAs in silencing of transgenes 
(Felippes et al., 2010; Tretter et al., 2008).  
A low level of transitive siRNA production was observed in the pap1-D background 
expressing the SSU_hpCHS transgene, though this was insufficient to trigger the 
widespread, systemic silencing phenotype observed in silencing of transgenes. The 
genes responsible for the protection of endogenous targets from transitivity are not 
known, though a number of mutants have been isolated that display enhanced silencing 
of transgenes. In Chapter 4, the contrast between limited local silencing of CHS 
mediated by the hpCHS, effective local silencing mediated by the 21-nt amiRNA, and 
the widespread silencing mediated by the 22-nt amiRNA was used to assess the 
susceptibility of the endogenous CHS transcript to RNA silencing in these candidate 
mutant backgrounds.
The lack of enhanced SSU_hpCHS directed silencing in each of the assessed mutant 
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backgrounds prompted the development of a fluorescence reporter system for 
transitivity of silencing the endogenous CHS (Chapter 5). In Chapter 6 stable 
Arabidopsis lines carrying this reporter system were EMS mutagenised and screened for
a loss of GFP expression that is linked to enhanced transitive production of siRNAs 
from the CHS locus. Six mutant plant lines were isolated, each carrying genetic lesions 
in genes with described roles in termination of transcription. This process has been 
previously established to play an important role in inhibition of transgene silencing 
(Herr et al., 2006; Luo and Chen, 2007). Interestingly, this study did not identify any of 
the previously identified mutants in the transcription termination complexes that display
enhanced silencing responses. However there is strong evidence for interactions 
between three of the identified components of transcription termination complexes with 
at least one of the ESP gene products, ESP5/CPSF100 (Herr et al., 2006; Hunt et al., 
2008; Zhao et al., 2009).
The isolation of three independent null alleles of PCFS4 in this mutagenesis screen 
provided a strong indication of its involvement in the protection of CHS from silencing. 
This was further validated by the introduction of amiRNA constructs targeting PCFS4 
into the pap1-D background. Many of these lines displayed a significant reduction in 
anthocyanin accumulation thought likely to reflect a loss of CHS expression through 
PTGS. PCFS4 homologues are well described in human and yeast models, playing a 
key role in dissociation of Pol II near the AAUAAA recognition site, conserved in 
plants as a NUE.
Both the dcl4 mutant identified in the described mutant screen and the established 
dcl4-2 mutant similarly displayed reduced anthocyanin accumulation in lines 
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additionally harbouring the pap1-D allele, suggesting a vulnerability of CHS to PTGS in
these mutant backgrounds. This vulnerability is likely due to a role for DCL4 in 
promoting Pol II dissociation from the CHS transcript through co-transcriptional 
cleavage as proposed at the FCA locus (Liu et al., 2012).
The remaining genes identified, CstF64 and CPSF73-I require further validation to 
confirm their relevance to the CHS locus. However, their interactions in complexes 
associated with the partially validated PCFS4 suggest strongly their involvement in the 
protection of endogenous transcripts from entry into RNA silencing pathways (Hunt et 
al., 2008; Zhao et al., 2009).
7.2. Insight into endogene protection from RNA silencing
The research presented here continues to highlight the importance of transcription 
termination among the many coupled processes surrounding Pol II transcription in 
preventing the recruitment of transcription products to RNA silencing pathways 
(Christie and Carroll, 2011; Christie et al., 2011; Herr et al., 2006; Liu et al., 2012; Luo 
and Chen, 2007). Quite likely, the protein factors associated with properly processed 
transcripts prevent interactions with the silencing machinery, as is indicated by the 
vulnerability of transgenes to silencing in mutants deficient in RNA quality control 
mechanisms (Moreno et al., 2013). This would be expected to be facilitated by directed 
mRNA transport, avoiding interactions on a scale of sub-cellular compartmentalisation, 
or by preventing immediate binding and recognition of exposed elements of the 
riboprotein complex.
Messenger RNA 3' end formation in plants is now being recognised to display 
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previously unknown complexity (Loke et al., 2005; Sherstnev et al., 2012). This 
complexity likely extends beyond alternative polyadenylation sites within transcripts, 
and may involve the developmentally regulated expression of variable components of 
polyadenylation complexes (Hunt et al., 2008; Zhao et al., 2009). The results presented 
here, particularly the loss of PCFS4 and DCL4 in the pap1-D background which 
triggered instability of expression from the endogenous CHS (Chapter 6), suggest that 
RNA silencing may play a role in this regulation. The similar finding that loss of Pol II 
associated machinery enhanced silencing of FCA in esp mutants (Herr et al., 2006), 
further supports such a model.
7.3. Future work
The most important work generated in this study and that which requires immediate 
attention is to complete the functional characterisation of the isolated mutants. 
Specifically, determining the mechanism that promotes the enhanced silencing 
phenotype reported for each of these. However, beyond this work lies exciting potential 
for the identification and characterisation of previously unrecognised regulatory 
networks.
The exceptional resources describing the many interactions of components of the 
Arabidopsis polyadenylation machinery provided by the Arabidopsis 2010 Project,  
Arabidopsis polyadenylation factor subunits – mutants and protein interaction networks 
(Hunt et al., 2008; Zhao et al., 2009), provides a valuable starting point to investigate 
the significance of this machinery to transcript entry into the RNA silencing pathways. 
In particular, the described hubs of interaction may be examined for their importance to 
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the protection of sets of genes on a genome wide scale. This may be achieved by 
examining mRNA 3' end formation of Pol II transcription products globally by direct 
sequencing of RNAs from mutants deficient in components of the each of the hubs of 
transcriptional termination machinery (Sherstnev et al., 2012). Such a study may 
identify networks that rely on the RNA silencing machinery to degrade transcription 
products associated with particular sets of polyadenylation machinery.
7.4. Concluding remarks 
The research described in this thesis contributes to our fundamental knowledge and 
understanding of the entry of Pol II transcription products into RNA silencing pathways 
in plants. Contributions include the reporter systems developed to characterise this 
process and the identification of genes required for the protection of at least one 
endogenous transcript, CHS, into these pathways. Work will undoubtedly continue on 
this subject due to its significance to applications of genetic engineering and to 
understanding the mechanisms that regulate gene expression in complex organisms.
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Table S9.1. Oligonucleotides primers and probes used in this thesis
Name Sequence
3'TAS-F TCGCCGAGAACAATCGTG
35S-F GGGATGACGCACAATCC
ABH1-285-F CCGGGTGCCTTTCCTGCTG
ABH1-285-R GACCTTCCTGCTCAATTCGGC
amiRNA-CHS CGCTAAGGATCTCGCCGAGAA
CHS-F ATGGTGATGGCTGGTGCT
CHS-R TTAGAGAGGAACGCTGTGCAA
CHS-S3'79-F(XmaI) TCCCCCCGGGGTTGGAGTGGGGTGTCTTGT
CHS-S5'136-R(XmaI) TCCCCCCGGGCTCCACCTGGTCTAGGATCG
CHS”H”-F_ClaI CCATCGATGCACTGCTAACCCTGAGAACCATGT
CHS”H”-F_KpnI GGGGTACCGCACTGCTAACCCTGAGAACCATGT
CHS”H”-R_BamHI CGGGATCCTTGAGGAGATGGAAGGTGAGACCAA
CHS”H”-R_XhoI CCGCTCGAGTTGAGGAGATGGAAGGTGAGACCAA
CHS3'UTR-R AACAAAGATTTGATGTCATTCAAGA
CHS364-F(XmaI) TCCCCCCGGGGGATGTTCCCGGCCTCATCTCCA
CHS364-R(XmaI) TCCCCCCGGGTTAGAGAGGAACGCTGTGCA
CHS5'UTR-F CCAAATACACCTAACTTGTTTAGT
CHS82-F(XmaI) TCCCCCCGGGATGGTGATGGCTGGTGC
CHS82-R(XmaI) TCCCCCCGGGCAATAGCCAAGATGCCTGC
CHSmiR-22F TATATGCTCTTCGAGAGGCGCAAGGATCTCGCCGAGATGGAGGGT
TTAGCAGGGTGAAGTAAAG
CHSmiR-F TATATGCTCTTCGAGAGGCGCTAAGGATCTCGCCGAGATGGAGGG
TTTAGCAGGGTGAAGTAAAG
CHSmiR-R TATATGCTCTTCGAGATGCGCTAAGGATCTCGCCGAGAAGAAGAG
TGAAGCCATTAAAGGG
DCL4-8409-F TCTAGATCCGGTCAAAAACTTGTC
DCL4-9498-R TCAGCAAAGGAATCCAGAATGCT
fry1-6_LB GTCCAGTGACCGTTGCTG
fry1-6_RB CCACCTTCAGATGTTCCAC
GABI-8409A TCTCCATATTGACCATCATACTCATT
GFP-F CGCGGATCCATGGTGAGCAAGGGCGAGGA
GFP-R CCGCTCGAGCCCGGGGGCGCGCCTTACTTGTACAGCTCGTCCA
GFP”F”-F GGCAAGCTGACCCTGAAGT
GFP”F”-R_CACC CACCTGAAGTCGATGCCCTTCAGC
HSPT-F CGACGCGTATATGAAGATGAAGATGAAA
HSPT-R CATGCCATGGCTTATCTTTAATCATATTCC
LB1b GCGTGGACCGCTTGCTGCAACT
LBa1 TGGTTCACGTAGTGGGCCATCG
M13F CGCCAGGGTTTTCCCAGTCACGAC
M13R TCACACAGGAAACAGCTATGAC
miR168 TTCCCGACCTGCACCAAGCGA
p4SGS_seqF AGACCCTCCGATCACTCCAAAGC
pap1-F TGGAGTTTCTTGCTTGGAAAA
pap1-R GTGTCGTGTCCACCCCTATT
pap1D-R ATCTAAGCCCCCATTTGGAC
pBG-SapI-3' CCTGCAACAGACAACACAAAA
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Name Sequence
pBG-SapI-5' TAGATGCATGTAACTGCCAAT
PCFS4-exon1_amiR-F TATATGCTCTTCGAGAGGTTCTAAGCCTATTATCACTGTGGAGGGT
TTAGCAGGGTGAAGTAAAG
PCFS4-exon1_amiR-R TATATGCTCTTCGAGATGTTCTAAGCCTATTATCACTGAGAAGAGT
GAAGCCATTAAAGGG
PCFS4-exon1_amiR22-F TATATGCTCTTCGAGAGGTTCAAGCCTATTATCACTGTGGAGGGTT
TAGCAGGGTGAAGTAAAG
PCFS4-exon4_amiR-F TATATGCTCTTCGAGAGGAACCGTGTTGATACAAGAGCTGGAGGG
TTTAGCAGGGTGAAGTAAAG
PCFS4-exon4_amiR-R TATATGCTCTTCGAGATGAACCGTGTTGATACAAGAGCAGAAGAG
TGAAGCCATTAAAGGG
PCFS4-exon4_amiR22-F TATATGCTCTTCGAGAGGAACCGTGTGATACAAGAGCTGGAGGGT
TTAGCAGGGTGAAGTAAAG
PDK-F (G25) TGATAGATCATGTCATTGTG
PDK-R (G28) ATCACTTAACTATTTTATAC
REA-F CTAGCTAGCTGCAGAGGTAGATATGGGTC
REA-R CCGCTCGAGACAGGTTATGGAGTTTAGGG
SGS2_F CGCGGGATGTTGTCTTCAGT
SGS2-F CGCGGGATGTTGTCTTCAGT
SGS2-R AAGCGTCATCATCTCAGCGG
TobRB7-F GGGGGCTAGCTAGTTCTCACTAGAAAAATGCC
TobRB7-R GGGGCTCGAGGTCCTACACAATGTGAATTT
U6 AGGGGCCATGCTAATCTTCTC
xrn4-6_LB GGGGAATCCACTCTAGTTTGG
xrn4-6_RB TGTGGGCCTCTATGGTGATGT
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Table S9.2. sRNA accumulation in the pap1-D background expressing the 
SSU_hpCHS
Sequencing of sRNA from Arabidopsis plants harbouring the SSU_hpCHS in the 
pap1-D background demonstrated a strong accumulation of hpRNA derived “H” region 
siRNAs. Some transitively produced “S” region siRNAs were also found to accumulate 
in these lines. The pap1-D background demonstrated few 21-, 22- and 24-nt siRNA 
with with only 15, 4 and 5 reads respectively aligning with perfect complementarity 
across the CHS gene (TAIR10 Chr5:4488688-4490264).  Counts are for reads 
overlapping the described regions reported using Samtools (-c option) following 
alignment with zero mismatches (Li et al., 2009).
Region (nt) 21s 22s 24s
Total unaligned 731170 418855 1326506
CHS gene (1-1577) 53858 8243 4528
“C” (75-156) 4 4 45
“H” (157-267, 354-984) 51938 7900 4490
“S” (985-1348) 1960 340 40
Intron (268-353) 60 23 10
5' UTR (1-74) 2 0 0
3' UTR (1349-1577) 271 37 6
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Table S9.3. amiRNA accumulation in the pap1-D background expressing 
SSU_amiR21-CHS and SSU_amiR22-CHS
Abundance (reads) of the varying forms of the amiRNA in SSU_amiR21-CHS and 
SSU_amiR22-CHS expressing lines in the pap1-D background demonstrate an 
abundance of the predicted miRNA guide and miRNA* forms, but also a number of 
sequences from registers shifted upstream (-1) and downstream (+1). Interestingly the 
SSU_amiR22-CHS was not readily detected in the register shifted 1 nt upstream (-1) 
while this form was abundant in the SSU_amiR21-CHS line, a result likely attributed to 
the asymmetric duplex structure.
miRNA form Sequence SSU_amiR21-CH
S
SSU_amiR22-CH
S
SSU_amiR21-CHS (-1) CTTCTCGGCGAGATCCTTAGC 2988 1
SSU_amiR21-CHS TTCTCGGCGAGATCCTTAGCG 112636 3987
SSU_amiR21-CHS (+1) TCTCGGCGAGATCCTTAGCGC 12244 107165
SSU_amiR21-CHS * CTAAGGATCTCGCCGAGATGG 3920 0
SSU_amiR22-CHS (-1) CTTCTCGGCGAGATCCTTAGCG 151 1
SSU_amiR22-CHS TTCTCGGCGAGATCCTTAGCGC 2793 3529586
SSU_amiR22-CHS (+1) TCTCGGCGAGATCCTTAGCGCA 1 1848
SSU_amiR22-CHS * GCAAGGATCTCGCCGAGATGG 1 4691
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Table S9.4. Distribution of sRNA accumulation in the pap1-D background 
expressing SSU_amiR21-CHS and SSU_amiR22-CHS
Counts of 21-, 22- and 24-nt sRNAs aligned to the CHS gene (TAIR10 
Chr5:4488688-4490264)  from plants harbouring the SSU_amiR21-CHS and 
SSU_amiR22-CHS in the pap1-D background. The SSU_amiR22-CHS line 
accumulated abundant siRNAs from the region 3' of the miRNA target site, unlike the 
SSU_amiR21-CHS line. Counts are for reads overlapping the described regions 
reported using Samtools (-c option) following alignment with zero mismatches (Li et 
al., 2009).
Region (nt) SSU_amiR21-CHS line SSU_amiR22-CHS line
21 nt 22 nt 24 nt 21 nt 22 nt 24 nt
Total unaligned 1194932 639008 1900435 1012965 4183090 1476466
CHS gene (1-1577) 112746 68 0 53148 8525 1184
5' of miRNA target site (1-693) 7 52 0 37 1007 0
3' of miRNA target site (715-1577) 103 16 0 49124 7518 1184
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Table S9.5 Phasing analysis of SSU_amiR22-CHS directed tasiRNA production
Two predicted TAS transcripts were identified within the CHS transcript (AT5G13930.1,
in bold) at positions 620-871 and 1021-1272 with reported p-values, 0.000000e+00 and 
8.097303e-05 respectively using the UEA tools sRNA toolkit phasing analysis. Position
620 is the predicted cleavage site for the 22-nt amiRNA and a p-value of 0.000000e+00 
is thought to represent a p-value below that which can be reported by the software. The 
occurrence of two predictions from the same transcript are due to a limitation of the 
algorithm used in this tool, a predicted TAS length of 231 bp (Chen et al., 2007). 
Improved algorithms that do not require an expected TAS length have been developed 
though these are not yet implemented in publicly available tools (Zhang et al., 2012a)
.
Accession Start position End position Sequences Phased p-value
AT1G07051.1 54 305 6 4 4.549688e-05
AT1G13360.1 95 346 3 3 8.198444e-05
AT1G36400.1 -5 246 3 3 8.198444e-05
AT1G40630.1 505 756 6 4 4.549688e-05
AT1G50055.1 374 625 47 16 1.423915e-13
AT1G62590.1 577 828 8 6 1.111912e-07
AT1G62910.1 547 798 21 10 8.957077e-10
AT1G62914.1 506 757 10 6 7.873198e-07
AT1G62930.1 659 910 28 7 9.161500e-05
AT1G63070.1 518 769 12 6 3.270074e-06
AT1G63080.1 578 829 13 7 2.017781e-07
AT1G63130.1 786 1037 32 10 1.270555e-07
AT1G63130.1 683 934 25 12 7.181089e-12
AT1G63150.1 547 798 18 10 1.189895e-10
AT1G63330.1 302 553 9 6 3.241228e-07
AT1G63400.1 527 778 9 6 3.241228e-07
AT2G27400.1 379 630 96 18 1.065177e-10
AT2G39675.1 356 607 97 15 4.902655e-07
AT2G39681.1 418 669 105 19 2.224377e-11
AT3G17185.1 261 512 101 13 5.737015e-05
AT3G25795.1 865 1116 75 13 1.482914e-06
AT3G33071.1 779 1030 3 3 8.198444e-05
AT4G06738.1 -62 189 3 3 8.198444e-05
AT5G13930.1 1021 1272 298 21 8.097303e-05
AT5G13930.1 620 871 227 22 0.000000e+00
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